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ABSTRACT
Experim ents were c a r r ie d  out on w a te r  flow ing  tu rb u le n t ly  
in s id e  each o f  th e  fo u r  fo llo w in g  e l e c t r i c a l l y  h e a te d  p ip e s :
1 * 1" in s id e  d iam eter snooth  c i r c u l a r  p ip e  w ith  a  long  calm ing
sec tio n *
2 . The same p ipe f i t t e d  w ith  a  s e r ie s  o f  tu rb u le n c e  prom oters
made from s p i r a l l y  tw is te d  s t r i p s  hav ing  d i f f e r in g  p itc h e s*
33* A- inch  square p ipe w ith  a long calm ing section*
A* A Row In d en ted  tube*
I n  case  (1 ) ,  th e  lo c a l  c o e f f ic ie n t s  o f  h e a t t r a n s f e r  were 
c a lc u la te d  and th e  r e s u l t s  c o r r e la te d  by e m p ir ic a l  e q u a tio n s  based  
on th e  d im ensional a n a ly s i s .
For cases  (2) and (3)# th e  lo c a l  c o e f f i c i e n t s  o f h e a t 
t r a n s f e r  were lik e w ise  c a lc u la te d ,  and th e n  p lo t te d  a g a in s t  th e  
p ipe  le n g th  f o r  d i f f e r e n t  R eynolds number*
A f te r  a  d im ensional a n a ly s is  o f  r e s u l t s  ( f o r  th e  average  
c o e f f ic ie n t  o f h e a t t r a n s f e r )  i n  th e  case  o f  p ro m o ters , th o se  
r e s u l t s  were c o r r e la te d  w ith  th o se  i n  p re v io u s  R esearch  on a i r  
flow ing  in s id e  p ip e s  hav ing  d i f f e r e n t  d ia m e te rs  and prom oters o f 
d i f f e r e n t  p itc h e s*
I n  th e  case  o f  th e  square p ip e , th e  average c o e f f ic ie n t s  
and th e  c o e f f ic ie n ts  o f the  tu b e  o f  i n f i n i t e  le n g th  were c o r r e la te d  
by th e  methods o f b o th  D e ttu s  & B o e l te r , and S ie d e r & T a te , by th e  
‘use o f th e  h y d ra u lic  d iam e te r i n  th e  d im en sio n less  groups*
F or th e  Row tube th e  average c o e f f i c i e n t s  o f h ea t t r a n s f e r  
were c o r r e la te d  a s  fu n c tio n s  o f mass flow  r a t e .
F in a l ly ,  th e  e f f e c t  o f  su p er o r  abnorm al tu rb u le n c e  
on th e  sav ing  o f  power was a ls o  s tud ied*  by th e  p lo t t in g  o f  th e  
r a t i o  o f power ( a t  th e  same c o e f f ic ie n t  o f  h e a t t r a n s f e r )  betw een 
the  p la in  and f i t t e d  tu b es  a g a in s t  th e  c o e f f i c i e n t  o f h e a t 
t ra n s fe r*
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MvTOLiiTIIRE
The fo llo w in g  nom enclature i s  used  i n  th e  t h e s i s  u n le ss  
o therw ise  sta .ted :
(A) • Symbols
A = a re a  -  s q . f t .
c = s p e c i f ic  h e a t a t  c o n s ta n t p re s su re  ~B .Th.T j/lb. °P#
D = in s id e  d ia m e te r o f tube -  f t*
De = h y d ra u l ic ' d ia m e te r  = A (c ro s s - s e c t io n  a r e a /p e r im e te r ) - f t*
2G- = mass v e lo c i ty  o f  flow  -  lb  i / h r .  f t  •
, 2 oh = average c o e f f ic ie n t  o f h e a t t r a n s f e r  -  B .T h .U /f t .h r .  P . 
hL = lo c a l  " ” " " " " " .
h = c o e f f ic ie n t  o f  h e a t t r a n s f e r  f o r  a  tube  o f i n f i n i t e0*3
0  r \ '
le n g th  -  B .T b .U /f t .  h r .  P .
~ p re s su re  drop i n  tube  -  in ch es  o f  w a te r .
K = c o n d u c tiv ity  -  B .T h .U /f t ;h r .° P .
L = tube le n g th  -  f t .
M = Mass flow  f a t e  l b / h r .
Nu = N u sse lt number (d im en sio n le ss) . = hD .
K
P =3 p i tc h  o f prom oter#
P r = P ra n d tl  number (d im en sio n le ss) = c /1  •
K
Q = amount o f  h e a t g iv en  p e r  u n i t  tim e -  B .Th.U /hr#
q = amount o f h e a t g iv en  p e r  u n i t  su rfa ce  a re a  p e r  u n i t
tim e -  B .T h .U /f t . h r .
Re = Reynolds number (d im en sio n le ss) = y£)P
UL
t  = tem peratu re  -  °R.
V = v e lo c i ty ' -  f t / s e c .
p .- -  a b so lu te  v i s c o s i ty  -  l l / h r . f t .
V" = k inem atic  v i s c o s i ty  -  ( s q . f t .  ) / h r .  = j & / p  
p = d e n s i ty  -  l b . / ( c u . f t <.).
(B) • S u b sc r ip ts
a = a i r
e = empty tu b e  o r e q u iv a le n t c i r c u l a r  tube
i  = i n l e t
L * lo c a l
m = mean
o s  o u t le t
p = tu rb u len c e  prom oter
r  s  Row tu b e
s = su rfa ce
= w a te r
INTRODUCTION
Of a l l  th e  problem s in  h e a t t r a n s f e r  s tu d ie s ,  th e  one which 
has re c e iv e d  th e  most d e ta i le d  in v e s t ig a t io n  i s  th a t  in  w hich h e a t 
i s  t r a n s f e r r e d  from a  p ipe  to  a  f l u i d  flow ing th ro u g h  i t .  Much o f 
the  work in  t h i s  f i e l d  has been  c a r r ie d  out w ith  c i r c u l a r  p ip e s  
e i t h e r  having a long  calm ing s e c t io n  (whereby th e  flow  becomes f u l l y  
developed b e fo re  i t  e n te r s  th e  p ip e  under t e s t )  o r having  v a rio u s  e n tr y  
c o n d itio n s  (which c r e a te s  an  imposed tu rb u len ce  a t  th e  e n tra n ce  o f  th e  
tube under t e s t ,  which w i l l  soon d ie  out some d is ta n c e  down s tre a m ).
Even i n  th e  case  o f c i r c u l a r  p ip e , however, th e re  s t i l l  
rem ains a  number o f m a tte rs  w orth  in v e s t ig a t io n .
I n  such c a s e s ,  th e  d a ta  o f  h e a t t r a n s f e r  f o r  tu rb u le n t  flow  
has u s u a lly  been  c o r r e la te d  by e m p ir ic a l  e q u a tio n s  based  on th e  method 
o f d im ensional a n a ly s i s .
The m a tte r  i s  v e ry  d i f f e r e n t ,  however, When one looks a t  th e  
a v a i la b le  m a te r ia l  d e a lin g  w ith  th e  e f f e c t  on h e a t t r a n s f e r  o f  th e  
imposed tu rb u len c e  due to  in s e r t in g  prom oters a lo n g  th e  whole le n g th  
o f c i r c u l a r  p ip e s  o r  due to  th e  r e g u la r  m o d if ic a tio n  o f  th e  tube shape , 
o r th e  e f f e c t  o f th e  p resence  o f  secondary  flow  due to  th e  asymmetry 
o f  th e  c ro s s  s e c t io n  o f  a  uniform  p ip e .
In  such c a s e s ,  no s a t i s f a c to r y  c o r r e la t io n  has so f a r  been
( 12 )
a ch ie v e d . W ith th e  e x ce p tio n  o f  th e  work o f Cope on w a te r  flow ing
(31)
th rough  square and re c ta n g u la r  p ip e s ,  and o f  Nagaoka & Watanabe on
p ip es  f i t t e d  w i th - s p i r a l ly  tw is te d  s p r in g s , experim en ts  r e l a t i n g  to  
th e se  case s  a re  .few and l im ite d  to  gasb
To f i l l  i n  p a r t  t h i s  gap i n  th e  f i e l d  o f h e a t t r a n s f e r ,
th e  p re se n t w r i t e r  has c a r r ie d  out t h i s  r e s e a rc h  on th e  a f fe c t  o f
tu rb u len ce  on h e a t t r a n s f e r  and th e  saving  o f power from (1) a
c i r c u la r  p ip e , (2) a p ipe  f i t t e d  w ith ' s p i r a l l y  tw is te d  s t r i p s  o f 
d i f f e r e n t  p i tc h e s ,  (3) a  square  p ip e  and (4 ) a Row tu b e , to  w a te r  
flow ing in s id e  them,,
1C H A P T E R  I  
HEAT TRANSFER BY FORCED CONVECTION
I n  the  case o f tra n sm is s io n  o f  h ea t by fo rce d  co n v ec tio n , 
h e a t can  be co n sid e red  to  t r a n s f e r  f i r s t l y  by con d u ctio n  th rough  
a ' t h in  la y e r  o f th e  f l u i d  im m ediately  a d ja c e n t to  th e  s o l id  s u r fa c e , 
in  which case th e  p ro c e ss  co u ld  be re p re se n te d  by th e  Newton e q u a tio n ,
where q = g iven  q u a n t i ty  o f h e a t p e r  u n i t  tim e .
A = su rfa ce  a r e a .
5 t£  = f l u i d  tem p era tu re  d if f e r e n c e  a c ro s s  th e  f l u i d  f ilm
im m ediately  a d ja c e n t to  th e  s o l id  s u r f a c e ,  
y  = th ic k n e s s  o f th e  f i lm .
The h e a t i s  th e n  d if fu s e d  th ro u g h  th e  r e s t  o f  th e  f l u i d  by th e  c o n ta c t 
o f i t s  p a r t i c l e s  and by e d d ie s .
I n  s tu d y in g  h e a t tra n sm is s io n  from a s o l id  su rfa ce  to  a  moving 
f l u i d ,  one may e i t h e r  determ ine h e a t t r a n s f e r  by co n d u ctio n  i n  th e  
f ilm  im m ediately  a d ja c e n t to  th e  su rfa c e  o r one can  assume an  o v e r a l l  
c o e f f ic ie n t  which i s  v a l id  fo r  th e  whole p ro c e ss  th ro u g h  th e  b u lk  o f  
the  f l u i d
q = hA (ts  -  t f )
where t^  . = su rfa ce  tem p era tu re
t^  = f l u i d  tem pera tu re
The f i r s t  a l t e r n a t iv e  i s  h e se t w ith  co m p lic a tio n s , s in ce  i t  
would he v e ry  d i f f i c u l t  to  determ ine th e  th ic k n e s s  o f th e  f i lm , and 
the tem p era tu re  g ra d ie n t a c ro ss  i t*  The second a l t e r n a t i v e ,  th e r e f o r e ,  
has been adopted  by a l l  p rev io u s  in v e s t ig a to r s .
T heories  o f h e a t t r a n s f e r  by fo rce d  co n v ec tio n  and methods o f  
c o r r e la t in g  d a ta
B efore d is c u s s in g  th e  work c a r r ie d  o u t ,  a  b r i e f  summary w i l l  
be made h ere  o f the  d i f f e r e n t  th e o r ie s  and methods o f c o r r e la t io n  o f 
h ea t t r a n s f e r  by fo rce d  co n v ec tio n , p a r t i c u l a r l y  f o r  f lu id , i n  a  
tu rb u le n t  s t a t e  in s id e  p ip e s .
For n e a r ly  a c e n tu ry , and e s p e c ia l ly  s in ce  R eyno lds^theory  
o f h e a t t ra n s m is s io n  by co n v ec tio n  had been p u b lish e d , i n  1874-* "the 
tra n sm is s io n  o f  h e a t by co n v ec tio n  has been  made th e  s u b je c t  o f  
d i r e c t  in q u iry  and many a tte m p ts  have been  made to  reduce  i t  to  a 
system .
Before 1874
I n  a d d i t io n  to  th e  g re a t  amount o f  e m p ir ic a l  and p r a c t i c a l  
knowledge which has been  a c q u ire d  from the  s tu d y  o f  s te a m -b o ile r s ,  
h ea t ex ch an g ers , e t c . ,  th e  tra n sm is s io n  o f  h e a t had been  made the  
su b je c t o f d i r e c t  in q u iry  by Newton, Dulong and P e t i t ,  P e c l i t ,
Jo u le  and Rankine and o th e r s .
Many a tte m p ts  had been made to  reduce th e  ex p e rim en ta l r e s u l t s  
o f h ea t tra n sm is s io n  to  a system .
Newton a p p a re n tly  assumed th a t  th e  r a te  a t  which h e a t  i s  
tra n s m itte d  from a su rface  to  a gas and v ic e  v e r s a ,  i s  d i r e c t l y  
p ro p o r tio n a l to  th e  d if fe re n c e  i n  tem p era tu re  between th e  su rfa ce  
and th e  g a s , w hereas Dulong and P e t i t ,  fo llow ed  by P e c le t ,  came to  
the  c o n c lu s io n  from t h e i r  experim en ts  th a t  head tra n sm is s io n  fo llow ed
(35)
an  a l to g e th e r  d i f f e r e n t  law .
None o f th e se  w orkers seem to  have advanced any th e o r e t i c a l  
reaso n s f o r  th e  law which th e y  assumed, deducing i t  e n t i r e ly  from t h e i r  
experim ent s •
I n  a s s e s s in g  th e se  r e s u l t s ,  so many f a c to r s  had to  be ta k e n  in to  
acco u n t, and so many assum ptions to  be made, t h a t  th e se  e a r l i e r  w orkers 
have, i n  some m easure, drawn in c o r re c t  c o n c lu s io n s .
There i s  one assum ption  which seemed to  be c o n tra ry  to  p re v a i l in g  
experience  even i n  th o se  d a y s , th a t  i s ,  th a t  th e  q u a n t i ty  o f  h e a t 
im parted  by a g iv en  e x te n t o f  su rfa ce  to  th e  a d ja c e n t f l u i d  i s  independent
(35)
o f  th e  m otion  o f  th a t  f l u i d  o r o f  th e  n a tu re  o f th e  su rfa ce  •
A f te r  1874-
(35)
I t  was i n  1 87Aj t h a t  R eynolds f i r s t  propounded h i s  e a r l i e s t  
th e o ry  o f  h e a t tra n s m is s io n  i n  th e s e  w ords: -  "The h e a t c a r r ie d  o f f  
by a i r  o r any f l u i d  from a  s u r fa c e , a p a r t  from th e  e f f e c t  o f r a d i a t i o n ,  
i s  p ro p o r tio n a l to  th e  i n t e r n a l  d i f f u s io n  o f  th e  f l u i d  a t  and n ea r th e
su rfa ce  i . e .  i s  p ro p o r tio n a l to  th e  r a t e  a t  w hich p a r t i c l e s  o r 
m olecules p a ss  ‘backwards and fo rw ards from th e  su rface  to  any g iv en  
dep th  w ith in  th e  f l u i d ."  T h is  assum ption  m s  based  on th e  m o lecu lar 
th eo ry  o f  f l u i d s .
The r a te  o f th e  d i f f u s io n  has been shown from v a r io u s  
c o n s id e ra tio n s  to  depend on two c o n d it io n s .
(1) The n a tu r a l  in t e r n a l  d i f f u s io n  o f  th e  f l u i d  when a t  r e s t .
(2) The e d d ies  caused by v i s ib l e  m otion c o n t in u a l ly  b r in g  f r e s h  
p a r t i c l e s  in to  c o n tac t w ith  th e  su rface*
( 35)
Reynolds ex p ressed  the  combined e f f e c t  o f  th e se  two cau ses  in  
the  fo rm u la :-
H = At + Bpvt   0 . 1 ) .
where t  = th e  d if fe re n c e  o f tem p era tu re  betw een th e  su rfa c e  and 
the  f l u i d ,  
p = the  d e n s i ty  o f the  f l u i d ,
v = v e lo c i ty  o f  th e  f l u i d
A and B = c o n s ta n ts  depending on th e  n a tu re  o f  th e  f l u i d .
H = h e a t tra n s m itte d  p e r  u n i t  o f th e  su rfa c e  i n  a  u n i t  tim e .
I f ,  th e r e f o r e ,  a  f l u i d  were fo rc e d  a long  a f ix e d  le n g th  o f p ip e  w hich 
was m ain ta in ed  a t  a uniform  tem p era tu re  g r e a te r  o r l e s s  th an  th e  i n i t i
(35)
tem peratu re  o f  the  f l u i d ,  R eynolds ex p ec ted  th e  fo llo w in g  c o n d itio  
to  o b ta in
5.
(1) When the  f l u i d  had a  zero  v e lo c i ty ,  i t  would a c q u ire  th e  sane 
tem peratu re  as  the tube#
(2) As the  v e lo c i ty  in c re a s e d , the  tem p era tu re  a t  w hich th e  gas
would emerge would g ra d u a lly  d im in ish , r a p id ly  a t  f i r s t  b u t i n  a
d ec rea s in g  r a t i o  u n t i l  i t  would become p r a c t i c a l l y  c o n s ta n t and
(35)independent o f th e  v e lo c i ty .  Reynolds 'su g g e s te d  t h a t  th e  v e lo c i ty  
a f t e r  w hich th e  tem p era tu re  o f th e  em erging gas would be s e n s ib ly  
c o n stan t would be th e  same a s  t h a t  a t  which th e  r e s is ta n c e  o ffe re d  
by f r i c t i o n  to  th e  m otion o f  th e  f l u i d  would be p ro p o r t io n a l  to  th e  
square o f  th e  v e lo c ity #
R = A!v  + B*pv2  . . ( 1 .2 )
where R = f r i c t i o n  r e s is ta n c e  betw een su rfa c e  and f lu id #
Reynolds a ls o  s ta te d  th a t  v a r io u s  c o n s id e ra tio n s  le d  to  th e  s u p p o s it io n  
th a t  A and B i n  e q u a tio n  (1 #1 ) were p ro p o r t io n a l  to  A* and B* 
in  e q u a tio n  (1 # 2 ).
(52 )
I n  f u r th e r  e x p la n a tio n  o f  h is  th e o ry , Reynolds a s s e r te d  
th a t  " th e  m otion o f h e a t from th e  su rfa c e  o f  th e  p ip e  fo llo w s  th e  same 
laws a s  th e  m otion o f momentum to  th e  s u r fa c e ,  w hether by co n d u ctio n  
or c o n v e c tio n ." .
As th e  lo s s  o f  p re s su re  above th e  c r i t i c a l  v e lo c i ty  i s  g iv en  
by th e  e q u a tio n
■ M ?":i U Mdp = /  v  g
<3x ( 2 r ) ^  A
where p = p re ssu re  o f f l u i d  p e r  u n i t  a r e a .
//, = v i s c o s i ty  o f  f l u i d .
/
r  = r a d iu s  o f p ipe
¥  = w eight o f f l u i d  d isc h a rg e d ,
v  = v e lo c i ty  o f  f l u i d  th ro u g h  th e  p ip e
A, B and Mf a re  c o n s ta n t depending upon th e  n a tu re  
o f  th e  su rface*
pThen %r dp i s  th e  lo s s  o f momentum due to  d i f f u s io n  and 
dx
co n v ec tio n , and ¥v  i s  th e  momentum o f th e  f l u i d .  Thus, acco rd in g  
g
to  h is  th e o ry , s u b s t i tu t in g  th e  lo s s  o r g a in  o f  h e a t ¥  dfc fo r
2 ^  '%v dp , and s u b s t i tu t in g  th e  h ea t i n  th e  f l u i d  above o r  below th e
dx
w a ll tem p era tu re  17(9 ~ t )  fo r  ¥  v , th e  e q u a tio n  f o r  passage  o f h e a t
g
w i l l  be
w hich r e p re s e n ts  th e  slope of tem pera tu re  a long  th e  p ipe  
where t  = tem p era tu re  of f l u i d  °C 
9 = tem p era tu re  o f p ip e  °G
A new c o e f f ic ie n t  f ( c )  was suggested  by R eynolds to  acco u n t
a •
fo r  th e  e f f e c t  o f c o n d u c tiv i ty .  The form o f t h i s  c o e f f ic ie n t  cou ld
"be determ ined  by ex p e rim en ts . I f  9 i s  c o n s ta n t ,  i n te g r a t io n  o f
e q u a tio n  (1 ,3 )  g iv e s  w ith  t^ and t 2 as th e  te m p e ra tu res  a t  i n l e t
and o u t l e t ,  •
l0 S e l l l i  = S "  * *  ^  v " - 2 /  . . . ( 1 . 4 )
9 -  t 2 A P ( 2 r ) > M
-i'/where ■ = le n g th  o f p ip e ,
(45)'
Follow ing up Eeynoldt.*OTOrk, S ta n to n  , (1897) c a r r ie d
out some experim ents on w a te r  u s in g  two v e r t i c a l  c o n c e n tr ic  tu b e s , 
th e  in s id e  tube b e in g  a s o l id  drawn copper p ip e  o f 0 ,7 3 6 , 1 ,07  and 
1 ,39  cms, in s id e  d ia m e te rs , and. o f 1+6 f and 1+1 cms, le n g th
r e s p e c t iv e ly .  To m a in ta in  a n e a r ly  c o n s ta n t in s id e -p ip e  w a l l -  
tem p era tu re  a lo n g  i t s  le n g th , a h o t w a te r stream  was a llow ed to  
flow  betw een th e  two c o n c e n tr ic  tu b e s .
The mean wa 1 1 -tem p era tu re  was e s tim a te d  from tube change o f  le n g th .  
The r e s u l t s  confirm ed Reynolds law w ith in  th e  range o f th e  experim ent 
By a l t e r in g  one v a r ia b le  a t  a t im e , S tan to n  deduced' th e  fo llo w in g  
e x p re ss io n , a p p lic a b le  when t^  -  i s  sm all
8# j
J
0 . V3-H  2 - '^  9 r-
K a = (2 r)  v  log  ~ -
■■1 1 ■ 'r_ ■"ii",ri ’ t **.**.**(1 • .5 )
+ ©)(1 + (3tm)
where K = c o n s ta n t depends on th e  n a tu re  o f th e  su rface*
The term s (1 + X  Q) and (1 + pt,^) were in tro d u ce d  to  a llow  f o r  
th e  e f f e c t  o f v a r ia b le  c o n d u c tiv ity  o f  th e  su rfa ce  f i lm  o f w a te r .
(h-5)
S tan to n  found th a t  ->< = 0 .004  and th a t  (3 = *01 *
(46)
S ta n to n  gave a more g e n e ra l e x p la n a tio n  o f Reynolds law 
o f h e a t tra n s m is s io n  ; i t  i s  a s  fo l lo w s :-
"A ccording to  R eynolds th e o ry , i f  th e  e f f e c t  o f th e  
c o n d u c tiv ity  compared w ith  th a t  o f th e  v i s c o s i ty  he n e g le c te d  
betw een any two c ro s s - s e c t io n s  d is ta n c e  dx a p a r t  th e  r a t i o  of 
th e  momentum l o s t  by s k in  f r i c t i o n  to  th e  t o t a l  momentum o f th e  
f lu i d  i s  th e  same a s  th e  r a t i o  o f  th e  h e a t a c tu a l ly  su p p lie d  (by 
con d u ctio n  o r co n v ec tio n  on ly) to  th e  f l u i d  betw een th e s e  s e c tio n s  
and th e  h e a t which would have been su p p lie d  i f  th e  whole o f the  
f l u i d  flow ing  th ro u g h  th e  p ipe  had been  c a r r ie d  up to  th e  su rface  
betw een th e  two s e c t io n s " .  I n  o th e r  w ords,
Momentum l o s t  i n  le n g th  ax /  T o ta l  momentum i n  f l u i d  
= Heat exchanged i n  le n g th  dx /  T o ta l  h e a t g iv en  i f  a l l  f l u i d  reached  
s u rfa c e  tem p era tu re  i n  le n g th  dx*
Hence, he deduced th e  fo llo w in g  r e l a t i o n
H =. Sp R(T -  Q) 
v
I n s e r t in g  e x p re ss io n  R = pv^ /* vdp
4  L y x
r»- 2
(a s  deduced by R eynolds) th e n ,
H
T -  9
h = a^S^ vp ^ vdp J M- 2
f o r  a  rough  tube M = 2 , and
h -  a_j Sp vp -  a^Sp^ —■)
He p u b lish e d  th e  fo llo w in g  r e s u l t s  to  i l l u s t r a t e  t h i s  r e l a t i o n  
betw een ex p e rim en ta l and th e o r e t i c a l  v a lu es  o f h e a t tra n sm iss io n
D iam eter
cm.
1 .39  '
1 .3 9
Surface 
Temp.of
• Ortp ip e  G
47 9
47 .2
Mean 
o f  flow  
cm /sec
v e lo c ity E L u id  Temp. j E s t c f  Heat tra n sm is s io n
123.2
69
"2F r i c t i o  I n i t i a l  j F in a l I^ne s/cm
18 !23.92 30 .6
l a l e c?~ | Observed
10.8
7 .9 8  I 2 4 .4 5; 17 .7___ !_ 6 .5
5 .36
3 .28
From th e  above r e s u l t s  f o r  w a te r , i t  can  be seen  t h a t  th e re  was a 
c o n s id e ra b le  d if f e r e n c e  betw een th e  c a lc u la te d  and observed  v a lu e s
(46)
o f  h e a t tra n s m is s io n  fo r  w ater#  S ta n to n  , th e r e f o r e ,  assumed th a t  
th e  c o n d u c tiv ity  e f f e c t  a t  th e  boundary i s  n o t n e g l ig ib le  f o r  a 
f l u i d  such a s  w ater*
He deduced th e  fo llo w in g  r e l a t i o n  f o r  a  g a s .
M~2
h a 9K f l L )  
. ^  v  /
d
where a^ = 0 .78  and th e  average f o r  a  smooth tu b e  M = 1 #75 no and  
th e n  h = d ^ ^
(32)
H usseIt c a r r ie d  out a s e r ie s  o f experim en ts on th e
r a te  o f  h e a t tra n sm is s io n  "between a tube  and v a r io u s  g a se s , ¥hen 
a i r  was u sed , i t  was a llow ed  to  flow  th ro u g h  th e  tube  a t  p re ssu re
rang ing  from 1,15 to  16 atm ospheres and a t  v a rio u s  v e l o c i t i e s .  I n
(32)
the  o r ig in a l  p ap e r , N u sse lt  p lo t t e d  th e  r a t e  o f h e a t t r a n s f e r  
on a v e lo c i ty  base and from the r e s u l t s  o f h is  experim en ts he 
deduced th e  fo llo w in g  r e l a t i o n
0 o 786 0.786
h = b ( v . ^ )  o r  ' b /  \   (1 .8 )
\ a-j /
To v e r i f y  S tan ton*s e q u a tio n  (1*7) based  on Reynolds th e o ry  
o f h ea t tra n s m is s io n  ( th a t  i s ,  t h a t  th e  v a lu e s  o f b fo r  d i f f e r e n t  
ga.ses shou ld  ro u g h ly  be p ro p o r t io n a l  to  th e  s p e c if ic  h e a t a t  c o n s ta n t
(39) ■
p re s su re  S ) ,  Reynolds la . te r  c a lc u la te d  th e  fo llo w in g  v a lu e s  
f o r  the  d i f f e r e n t  g ases  in  N usse lt*  s experim en ts e.nd f o r  superhen.ted 
steam fo r  Knoblauch and Jackob*s experim ents on th e  s p e c i f ic  h e a t 
o f superh ea ted  steam c
F lu id b S
P
b/S' p
A ir .0011A 0 .2 4 .00475
Carbon d io x id e ,000942 0 .2 .00471
C oal gas .00306 0 .6 .0051
S uperheated  steam ,00213 0.48 .002*45
PKJ
FIG . 1 . 1 .  APPARATUS USED BY JORDAN.
N u sse lt l a t e r  m o d ified  h is  e a r l i e r  form ula ta k in g  in to  
account th e  ex p erim en ta l r e s u l t s  o f  R ie ts c h e l  and Halmboe f o r  
d i f f e r e n t  d iam e te rs  and le n g th s , and gave
H
.0 56 0 .7 8 6 0* 204-
p ro p o r t io n a l  to  /  d ^ (vSp) J
"d\  "L y
where S = sp . h e a t p e r  u n it  m ass.
p = d e n s i ty .
v  = v e lo c i ty  m easured a t  th e  p re s su re  and tem pera tu re  
o f th e  experim ent*
,o
■d- = tube  le n g th .
H = Heat t r a n s f e r  p e r  u n i t  su rfa ce  a r e a .
( 22 )
Jo rd a n  (1909) c a r r ie d  ou t experim en ts on th e  a i r  c o o le r  
o r c a lo r im e te r ,  w ith  th e  o b je c t o f p ro v in g , w ith in  th e  l im i t s  o f 
ex p erim en ts , Reynolds law o f  h e a t tra n sm is s io n  f o r  f lu id s  such a s  
. a i r  and w a te r .  The appsu'atus (F ig . 1 .1 )  c o n s is te d  o f  an a i r  c o o le r  
o r c a lo r im e te r  to g e th e r  w ith  th e  n e ce ssa ry  m easuring  a p p a ra tu s . Hot
a i r  was p assed  th ro u g h  th e  in n e r  copper p ip e , w h ile  w a te r  was p assed
th rough  th e  a n n u la r  space betw een th e  copper p ip e , and th e  G .1 .  o u te r  
c a s in g . F ive s e r ie s  o f experim en ts were made w ith  d i f f e r e n t  a i r  
p a ssa g es , two o f  such s e r ie s  b e in g  made w ith  a n n u la r  a i r  p assag es  
and th re e  w ith  open p ip e s  o f  d i f f e r e n t  d ia m e te rs . The r e s u l t s  o f 
th e se  experim en ts  (b o th  fo r  r a t e  o f  h ea t tra n sm is s io n  from a i r  to  
th e  tube w a ll~ su rfa c e s  ( k j ) and from tube m e ta l su rfa c e  to  w a te r  (h0))
were p lo t te d  on a base o f  f lu id  flow  ( a i r  o r w ater) ex p ressed  in
lb  /s e o o  s q . f t .  o f  a re a  o f  channel fo r  a i r  and l£ . f o r  w a te r ) .
a-] a 2
The r e s u l t s  fo r  th e  h ea t tra n sm is s io n  hj. , from a i r  to  th e  m eta l
confirm  Reynolds law  w ith in  th e  l im i t s  of th e  ex p erim en ts , t h i s  i s
h . = A + B —  o r (A + Bv p ,)
' a-^  ' 1
(22)
From Jo rd a n ’ s r e s u l t s ,  A has ap p rox im ate ly  a  c o n s ta n t
(22)
v a lu e  (which i s  no t th e  case  i n  Reynolds th e o ry ) .  Jo rd a n  
howevery d id  no t s t a t e  th e  p re ssu re  a t  which he c a r r ie d  out h is  
experim ents* I t  i s  p o s s ib le  th a t  th e  p re s su re  was c o n s ta n t in  
the  d i f f e r e n t  s e r i e s ,  so th e  only  a p p re c ia b le  v a r i a t io n  in  th e  
d e n s i ty  o f th e  f l u i d  was due to  th e  change o f te m p e ra tu re .
13.
C H A P T E R  I I
mSHSIONAL ANALYSIS
Since th e  mechanism o f  f l u i d  flow  in  th e  tu rb u le n t  re g io n  
i s  co m p lica ted , and th e  h e a t t r a n s f e r  hy co n v ec tio n  depends on a 
number o f  v a r ia b le s  ( e .g ,  v e lo c i ty ,  v i s c o s i ty ,  . • • • ) ,  and fo r  o th e r  
rea so n s  a lre a d y  m entioned , m ost th e o r e t i c a l  a ttem p ts  to  so lv e  th e  
h e a t - t r a n s f e r  problem  in  t h i s  re g io n  have been  by way o f  a n a lo g ies#  
F o r tu n a te ly , th e  p r in c ip le  o f s im i la r i ty  s im p l i f ie s  th e  
method o f  c o r r e la t in g  e x p e rim en ta l d a ta , by grouping  th e se  v a r ia b le s  
in to  r e l a t i v e l y  few d im en sio n less  groups*
Assuming th e  c o e f f ic ie n t  o f h ea t t r a n s f e r ,  h , from a 
tube to  a  f l u i d  flow ing i n  i t ,  to  depend on: 
v  = th e  mean v e lo c i ty  o f  flow ,
D = th e  tube in s id e  d ia m e te r ,
/ L = the  v i s c o s i ty  o f  th e  f lu id ,
K = the  c o n d u c tiv ity  o f th e  f l u i d ,  
p = th e  d e n s ity  o f  th e  f l u i d ,  and
c = th e  s p e c if ic  h e a t o f  th e  f l u i d  a t  co n stan t p re s su re  
th e n , by ap p ly in g  th e  method o f in d ic e s ,  h f o r  tu rb u le n t  flow  
i s  p ro p o r t io n a l  to
K
and by assum ing th e se  fu n c tio n s  can be ex p ressed  a s  s in g le  term  power
fu n c tio n s , / \ n  /  \^  /» \hD = a  f  vpD \  f c / u  . . . . . ( A )
K I m* J \ K /
Eq u a tio n s  s u r e s t  eel by d i f f e r e n t  o b se rv e rs  .
"726]
Me ©Adams & F ro s t (1 923) ? an a ly sed  the d a ta  o f
s e v e ra l  in v e s t ig a to r s  on h e a tin g  o f w a te r  in s id e  tubes*  They 
n e g le c te d  any v a r i a t io n  in  E ra n d tl  number o /•*- w ith  w a te r , and
used th e  p ro p e r t ie s  o f th e  film * r a t h e r ‘th a n  th o se  o f th e  m ain 
s tream e They took  th e  c o n s ta n t v a lu e  o f 0*329 f o r  th e  th e rm a l 
c o n d u c tiv ity  o f w a te r , and employed th e  a r i th m e tic  mean tem p era tu r 
d if f e r e n c e  in  c a lc u la t in g  h* F ind ing  an ap p aren t e f f e c t  o f  the  
tube le n g th , th ey  su g g ested  th e  fo llo w in g  eq u a tio n
K
0*8
hD = I5ch( l  + 5Q ) (LG-. N
— r  •. «  i — r— ■ ^
or HD
07329
0 .8
(1 + 50) /DGr \ (2 .1 )
r  = le n g th  o f  p ip e / in s id e  d ia m e te r = L/D
(27)
Me ©Adam found th a t  th e  d a ta  cou ld  he c o r r e la te d  by
wher;
0.8
(2 . 2 )
where d •.= 0«A f o r  h e a tin g
and
(1 92A) bad a ttem p ted  to  o b ta in  a  g e n e ra l
n  = 0 .3  fo r  coo ling*
c o r r e la t io n  f o r  v a r io u s  f l u i d s .  He an alysed  th e  d a ta  o f
15.
Soennecken, S ta n to n ? and Clement & G erland on h e a tin g  w a te r and 
th e  d a ta  o f Panne11, Jo rd a n  and N u sse lt  on h e a tin g  and  co o lin g  
a i r  and o th e r  gases*  As a r e s u l t ,  he proposed th e  e q u a tio n :
... -;/r; i
hD = 1  I D v /f  \  / c \ 2 (or  K c T  { “7“— , / f  f ]  • • • • • •K 63«5 \  ^ I — —  /
■ ' Kf  "
where a l l  th e  p h y s ic a l p r o p e r t ie s  o f  th e  f lu id  a re  ta k e n  a t  th e  
a r i th m e tic  mean f i lm  tem peratu re*  Much o f th e  data, on which th e  
e q u a tio n  i s  based  d e v ia te  from i t  hy 3Q/o -  6Qj6.
(37)
E ice  l a t e r  m o d ified  e q u a tio n  (2 .3 )  to ,
0 .83  _ 0 .5
KD = . 1__ ,'D T pf \  f a  « A   (2 .4 )
h  ®  [ ~ 7 ^ r j  V— '
(13)
A f te r  s tu d y in g  R ic e 1 s w ork, Cox concluded th a t  m 
should  have been  ta k e n  & s i / 3  and so su g g e s te d :-
.5 /6
hD = 1 / Dv
Kp 52.1 V.
h f  (  ° f  / ‘ f  V / 3  ................. ( 2 . 5 )
T ~  ) \
f  ^ * \  /  t   ^ Kf  ■'
M o r r is *  IJhitman (1928) su ggested  th e  fo llo w in g
e q u a tio n  f o r  b o th  o i l  and w a te r
,3 ' /  £  „  0 .37
i = / . 000016 f do 
k “
( m )  ~ 0 .017 f  D0_) + 10 .8  / r c \ -  5 3 l | c £ l  . . ( 2 . 6 ) 
v .a.J \  2 ( “u  / - ’Ik  ■ !
fo r  DO 3  15000 to  D0_ < 4 0 0 ,0 0 0 .  
/ e  / ' •  "
U sing' the  same method o f c o r r e la t io n  o f  Me,Adams &
(26) (30)
Fro:.'!; (equation . 2 .1 ) s M orris  *  TThitman deduced th e
fo llo w in g  e q u a tio n  f o r  w ater,,
. 0*83
hD = 18*2 /  DO \
A \  //  f
o r 0 ,83
hD = 1 8 .2  f '  DO \  . . ( 2 .7 )
• 0 : 3 2 5 '  I  j u -  )
N N f
Nursed i  hod f i r s t  assumed n  and m (eq u a tio n  A)
eq u a l, s in c e  h is  e a r ly  d ata  on g a ses  7/ere n ot s u f f i c ie n t  to
in d ic a te  th e  t ru e  v a lu es  o f th e se  exponents* But l a t e r  (1913)
he in tro d u ce d  th e  term  ( D (where D i s  r a t i o  o f th e  tube d iam eter
V L )  L
to  th e  le n g th )  9 su g g es tin g  a v a lu e  o f 0 .05  f o r  t o .
(33)
In  1 931} N u sse lt an a ly sed  the  d a ta  on w a te r  o b ta in e d
(8) (18) 
by Burbach and by E agle & Furguson • Prom B urbach is d a ta ,
he found the v a lu e s  o f  exponents n , m and p to  be 0.764? 0.355
0 5 )
and Oo552 r e s p e c t iv e ly ,  and from th e  d a ta  o f Eagle & Perguson , 
he found th e  v a lu e s  of n  and m to  be 0.81 9 and 0 .365 re s p e c tiv e ly ^
( 25)
I n  1 931 $ Lawrence & Sherwood found t h e i r  w a te r  d a ta  
to  be re a so n a b ly  w e ll  c o r r e la te d  by th e  e q u a tio n
N 0„7 n0 o5
hD = 0-05 6 ( Dvp \ / cM \  * * • • . . . .  (2*8)
k ~ V /.4 V  v k  y
o w
D ebtus <x B o e l te r  , a f t e r  s tu d y in g  th e  d a ta  of 
s e v e ra l  in v e s t ig a to r s  on a i r  and w a te r ,  and  the  d a ta  o f  M orris
17.
& Whitman on h e a tin g  and c o o lin g  o i l s  proposed th e  e q u a tio n s : -
- ,0 .8  , \  Q.k
hD = 0.021-3 (  Dvp ) ■ c;i \ f o r  h e a tin g  . . . ( 2 . 9 )
k  \~ ~ u ~ y  v iT '/
s v 0*8 ^
and hD = 0*0265 ( DvP\ (  c/~A fo r  co o lin g  * ., .(2 * 1 0 )
K \  y l  /  '-K )
(4 2 )
Sherwood & P a t r ie  (1932), c a r r ie d  out experim ents 
on f iv e  l iq u id s  flow ing  in  a h o r iz o n ta l  "brass tube  • They found 
t h a t  t h e i r  e x p e rim en ta l d a ta  co u ld  be w e ll  c o r r e la te d  by E au a tio n
(1 4 ) ' * '
(2*9) o f  D e ttu s  & B o e lte r  • ex cep t in  th e  case  o f K erosene,
(30)
which c lo s e ly  fo llow ed  th e  M orris  & "Thatman curve (e q u a tio n  
2 .7)>  w hile  t h e i r  d a ta  fo r  w a te r  a re  i n  agreem ent w ith  th o se  o f
( 25)
Lawrence & Sherwood (E quation  2 e8) f o r  w ater#
(11) ■
C olburn  0  933) su g g es ted  a h e a t t r a n s f e r  f a c to r
J  = h  ( cM  %
, 2 /3
cG k “/
Comparing t h i s  method o f p lo t t in g  d a ta  w ith  most w id e ly -u sed
ty p e , where (hD V  / c / 1 Y/as p lo t te d  v e rsu s  DG , he
" K ' , ■ K y /•''
dem onstrated  th a t  th e  two methods were v e ry  s im i la r  by th e  fo llo w in '
a n a ly s i s : -
/Z h D V fc M .V / 3 1  = _ h _  AyU. \ Z/j> ( m  >
L \ k /  \  K /  -  cG \ K  J )
1 /3
Thus, p lo t t in g  ( hD i / / c / '  \  a g a in s t  ( DG \  was e q u iv a le n t
I P . / I k J  V T r v
to  p lo t t in g  h ( c'<-S) f  DG- \  a g a in s t  ( DG- \  , w hich
th u s  in v o lv ed  p lo t t in g  a fu n c tio n  a g a in s t  i t s e l f .
(43)
S ie d e r & T ate  (1936) proposed th e  form ula
, , \ 0 . 14- v0o8 , s 1 /3
KD = 0 .027 / 44,) \  / m _ )  (  c M  \   (2 .1 1 )
K \ jJ. / \  i t  /  \  K j
' / s '  y
(9)
C h o le tte  (1948) d e riv e d  th e  fo llo w in g  two e q u a tio n s  
fo r  th e  tu rb u le n t  flow  from m e ta l to  a i r  f o r  L/D betw een 10*5 
to  63 and Re >  8000.
-0 .2  -0 .1
h^/cG  = 0o04-(DG//a ) ( l/D ) . . . . . . . . . ( 2 . 1 2 )
-0 .1 5  -0 .1 5
and h / cG = 0 i028(D G //O  (l/ d ) ................... (2 .1 3 )
where hj = c o e f f ic ie n t  o f h e a t t r a n s f e r  based  on lo g a rith m ic  
mean tem p era tu re  b a se s , 
and h = c o e f f ic ie n t  o f h e a t t r a n s f e r  b ased  on a r i th m e tic
C4,
mean tem p era tu re  b a se s .
For v a lu e s  o f l/D  above 635 C h o le t te „ su g g ested  th e  fo llo w in g  
e q u a tio n
/  , - 0 .2
h j /  cG = 0.0265 ( DG_\ . . . . . . ( 2 . 1 4 - )
\  / A ,  J
b u t i t  shou ld  be n o ted  th a t  he d id  n o t use a calm ing s e c t io n  
i n  h is  a p p a ra tu s .
19.
(7)
B o e l te r ,  Young & Iv e rs e n  (1 948) proposed th e  
fo llo w in g  e q u a tio n  f o r  L/DJ> 5
h = h  ( 1 + 0 )   (2 .15 )
L
where h  = lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r ,  a t  c r o s s - s e c t io nCO
where th e  tem p era tu re  d i s t r i b u t io n  i n  th e  f l u i d  i s  
f u l l y  developed*
K = 1 .4 .
(4)
A rah i (1951 ) c o r r e la te d  h is  ex p erim en ta l r e s u l t s  fo r  
w a te r flow  in s id e  a c i r c u la r  copper tube i n  th e  same form of 
equations which had been  suggested  by Me .Adorns (E q u atio n  2 .2 ) ,  
N u sse lt  (E quation  A ), and D ottus and B o e l te r  (E q u atio n  2 .9 ) •
For a tube o f i n f i n i t e  le n g th
Nu = .0 .0 1 7 8  R e°o8P r ° ^ '  . . . ( 2 .1 6 )
0*8 1/ 3 /- ' . \  0 . 14 ,
Nu = 0.0203 Pe P r  f  f^ io  Xi . , . . . . . . ( 2 . 1 7 )
\  ' M & )
and fo r  L/D = 36
0«8 0 .4
Nu = 0.0191 Re P r   .(2 .1 8 )
0 .8  1 /3  /- ^0*14
Nu = 0.0217 Re P r  ( uj \ . . . . . . . . .  (2 .19 )
\ / q  y
S tudying the  e f f e c t  o f  le n g th , he proposed  th e  fo llo w in g  r e la t io n s : -
0 .8  0 .4
Nu = 0,0178 Re P r  (1 + 2 .85  D) ................... (2 .2 0 )
L
or 0 .8  1 / 3 /  -P*14
Nu = 0.0205 Re P r ( /  U) \  (1 +2.85 D) . . ( 2 .2 1 )
\  /"'• .5 '  L
20*
th e se  being  v a l id  fo r  L/D .> Ln
They c lo s e ly  approxim ate to  th e  type  su g gested  by B o e l te r , Young (7) /& Iv e rse n  (E quation  2©15).
( 2 )
Aladyev (1 95^) c o r r e la te d  h is  r e s u l t s  f o r  lo c a l  
c o e f f ic ie n t  on a  steam  h ea ted  tube w ith o u t a  calm ing s e c t io n  in  
th e  fo llow ing  way
0 ,8  0 .4  -2 ,2 5
Nu^ = .044  Rg Ec*l  (L/D) Re0o3 . .................... (2 .22 )
v a lu e s  o f t h i s  e q u a tio n  h o ld s  fo r  L/D .<. 40#
For L /D > 4 0  ‘ ■
0 ,8 6  0 .4
NuT -  ,0156 ReT P rT . , ............(2 ,23)lj i_! -L-1
and f o r  average c o e f f ic ie n t s  th e  fo llo w in g  r e l a t i o n
*-3.10 ,7  0 aL
Nu = 0 ,124  Re P r (l/ d / ' l" '   (2 ,2 4 )
t h i s  e q u a tio n  h o ld s  f o r  l /D  > 5 0  
fo r  v a lu es  o f I >/Tj > 5 0
0 ,8  0 .4
Nu = 0,031 Re P r . . . ............(2 .2 5 )
Summary, d is c u s s io n  and c o n c lu s io n
D im ensional a n a ly s is  le a d s  to  th e  e m p ir ic a l  e x p re s s io n  o f
the  type
j hD I o r I h j -  ^  I ( dpv /  , ( c 11 )
i  K J Lcpv J r L\  J  \ ~ J
o r Nu or S t = j (R e)« (F r) J
w hich, because o f t h e i r  s im p l ic i t ie s *  have been  favoured  by many 
w o rk ers . Some in v e s t ig a to r s  a llo w  fo r  th e  e f f e c t  o f the  le n g th  on
the  r e s u l t s  o f h e a t t r a n s f e r  by d im en sio n less  group L/D. O thers
in c lu d e  th e  r a t i o  o f  th e  f l u i d  v i s c o s i ty  a t  b o th  the  su rfa c e
tem p era tu re  and th e  f l u i d  mean tem p era tu re  (   ^ -  /  •
\  J
Tem perature and p h y s ic a l  p ro p e r t ie s  o f  th e  f l u i d
The cho ice o f th e  tem p era tu re  a t  w hich the  v a lu e s  o f the  
p h y s ic a l p r o p e r t ie s  o f th e  f l u i d  (namely c ,  J-L , p and K) have 
to  be ta k e n ? has been  th e  s u b je c t o f co n troversy*
Most o f th e  d a ta  i n  th e  l i t e r a t u r e ,  c o r r e la te d  by E q uations 
2 .2 , 2 ,6 , 2 o >  2 o10, 2 ,1 2 , 2 . 13? 2 014 , 2 *15* 2 .16  and 2 .2 0  in c lu d e  
th e se  p h y s ic a l  p r o p e r t ie s  w h ich  a re  chosen a t  th e  mean f l u i d  bu lk  
tem pera tu re  (The b u lk  tem p era tu re  o f  th e  f l u i d  stream  a t  any c ro s s -  
s e c tio n  i s  t h a t  tem pera tu re  w hich th e  s tream  would have a t t a in e d  had 
th e  whole c r o s s - s e c t io n  been  a t  th e  same uniform  te m p e ra tu re ) . Most 
o f th e se  e q u a tio n s  have been  found s u i ta b le  f o r  c o r r e la t in g  h e a t 
t r a n s f e r  d a ta  o f w a te r  flow  in s id e  tu b e s . Some in v e s t ig a to r s  have 
ta k en  th e  v a lu e s  o f th e  p h y s ic a l  p ro p e r t ie s  a t  th e  f i lm  tem p era tu re  
(E quations 2 ,1 ,  2.3* 2 ,4s 2 ,7 ) * (The m a jo r ity  o f  th e se  took  th e  film
tem peratu re  a s  eq u a l to  ( t  + 0*5( t g -  t ) )  where t  s  su rfa ce
tem peratu re  and t  = f l u i d  b u lk  te m p e ra tu re ) •
(27)
I n  th e  case o f E q u a tio n s  (2*1) and ( 2 e7)> Me .Adams 
found th a t  d a ta  co u ld  be c o r r e la te d  by E q u a tio n  (2 ,2 )  i n  w hich he
took  th e  v a lu e s  o f p h y s ic a l  p ro p e r t ie s  a t  th e  f l u i d  "bulk te m p e ra tu re . 
For e q u a tio n  (2 ,3 )  9 much o f  th e  d a ta  on which i t  i s  "based 
d e v ia te s  from 3Qh to  GOfo (a  f a c t  which i s  d is g u is e d  when, a s  i s  
u s u a l , lo g a rith m ic  s c a le s  o f p lo t t i n g .a r e  em ployed),
(v)
S ie d e r & T ate (E quation  (2 ,1 1 ))  suggested  th a t  a 
u
d im en sio n less  group ( ) w hich re p re s e n ts  th e  r a t i o  o f
v i s c o s i ty  o f  th e  m ain s tream , M tu s "to th e  v i s c o s i ty  a t  th e  
tem p era tu re  o f th e  tu k e  su r fa c e , , would in c lu d e  a group to
e v a lu a te  th e  e f f e c t  o f th e  tem p era tu re  c o e f f ic ie n t  o f  v i s c o s i ty  and 
tem p era tu re  d i f f e r e n c e ,
t o )
Using th e  same form a s  S ie d e r  & T ate (E q u atio n  (2 ,1 2 ) ) ,
t o
A rab i c o r r e la te d  th e  d a ta  o f h is  experim en ts  (E quations (2 ,1 8 ) , 
( 2 ,2 0 ) ,  (2 ,2 2 ) ) ,  em phasised th e  v a l i d i t y  o f  t h i s  form  o f  eq u a tio n
c o n ta in in g  th e  group v M -(2^) \Mc,Adams& F ro s t  (E quation  (2*1 )) n b g le e ted  any v a r i a t io n
•^r j o /  L I w ith  w a te r  and to o k  a c o n s ta n t v a lu e  (0 ,329) fo r  th e
U  J
th e rm a l conduction ty  o f w a te r .
I n  g a se s , th e  v a lu e  o f  P r number i s  p r a c t i c a l l y  c o n s ta n t 
ov er a wide range o f tem peratu re*  I n  l iq u id s ,  however, F r v a r ie s  
r a p id ly  w ith  the  tem p era tu re  and may d i f f e r  w id e ly  f o r  d i f f e r e n t  
l i q u i d s .
The p re s e n t w r i t e r ,  th e r e f o r e ,  su g g es ts  th a t  th e  change 
o f th e  v a lu e  o f P r must be co n sid e red  i n  th e  case  o f l iq u id s ,  w h ile
A  6 8 10 12 14
Ratio 0,/02
FIG . 2 . 1 .  RELATION BETWEEN LOGARITHMIC 
AND
ARITHMETIC MEAN TEMPERATURE DIFFERENCE.
i n  gases over a reaso n ab le  range o f  tem peratu re  . P r  can be 
co n sid e red  a s  a  c o n s ta n t .  Vhen comparing th e  r e s u l t s  o f gases  
w ith  th o se  o f l i q u id s ,  however, i t  i s  p re fe ra b le  to  use th e  P r a n d t l  
group to  s im p lify  com parison.
V alues o f th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r  h
The v a lu e  o f  th e  c o e f f ic ie n t  o f h e a t t r a n s f e r  h f o r  a  le n g th
L can  be o b ta in e d  by in te g r a t in g  th e  b a s ic  e q u a tio n  f o r  a  le n g th  dL
I h = dQ 
> dA d t
where h  = c o e f f ic ie n t  o f  h e a t t r a n s f e r
dQ = th e  amount o f  h e a t t r a n s f e r
dA = th e  h e a t t r a n s f e r  a,rea
d t  = th e  d if fe re n c e  between th e  w a ll  tem pera.ture and
the  f l u i d  b u lk  tem pera.tu re .
and hence th e  lo g a rith m ic  mean tem pera tu re  d if fe re n c e  must be adopted
I f  th e  d if fe re n c e  betw een the  mean f l u i d  tem p era tu re  and
th e  mean su rfa c e  tem p era tu re  a long  th a t  le n g th  i s  sm a ll, i t s
a r i th m e tic  mean may be ta k e n  w ith  l i t t l e  e r r o r 9 th u s  re n d e rin g
c a lc u la t io n s  more easy  fo r  d e sig n e rs#  Pig* 2.1 (from P ishenden  &
(18)
Saunders ) shows t h a t  th e  r a t i o  o f  th e  lo g a r ith m ic  mean to  th e  
a r i th m e tic  mean tem p era tu re  d if fe re n c e  d e c re a se s  from 1 to  0 .6  
where ©^ and ©^  a re  th e  tem p era tu re  d i f f e r e n c e s  betw een f l u i d  
a.nd p ipe  w a ll  a t  th e  b eg in n in g  and end o f  th e  s e c t io n  under t e s t .
E ffect of the tube leng th
Some in v e s t ig a to r s - fo u n d  an  apparent- e f f e c t  o f  tube  le n g th  on 
th e  r e s u l t s  o f h e a t t r a n s f e r  and have a llow ed  fo r  t h i s  e f f e c t  by th e
/ S pd im en sio n less  group ' where P = exponent#
N u sse tt had f i r s t  suggested  a form ula o f th e  form
n  m /
Nu • = a R P r
and proposed  a  v a lu e  o f  0*05 f o r  P i I n  1930, however, he su ggested  
a v a lu e  o f 0 *532*
th e  e f f e c t  o f b o th  th e  le n g th  and th e  s t a r t i n g  le n g th  o f  th e  tube- 
under t e s t '  on th e  lo c a l  and  average h ea t t r a n s fe r*
Assuming P r  = 1 jhe  o b ta in ed  th e  fo llo w in g  e q u a tio n  f o r  the  
lo c a l  h e a t t r a n s f e r  betw een L =: 0 and L is e>c .
p u t forw ard  E q u a tio n  (2#1) to  a llo w  f o r
th e  e f f e c t  o f th e  tube le n g th .
(24)
L atzko made a  tho rough  th e o r e t i c a l  in v e s t ig a t io n  o f
D D
•  •  » • )
where
o-; = 2 ,7  Xi . P = 29.27 L , >f = 31.96  L .
L a tsk o ! s a n a ly s is  shows th a t  th e  c o e f f ic ie n t  o f h e a t t r a n s f e r  
s t a r t s  w ith  an i n f i n i t e l y  g re a t  value*  Y/hen L/D he comes f i n i t e ,  
h  d ecrea se s  r a p id ly ,  and when L/D i s  eq u al to  i n f i n i t y ,  th e  
fo llo w in g  l im i t  i s  a t ta in e d
h..v0 = 0.038if vpo
The va lu e  o f  th e  average  h ea t t r a n s f e r  c o e f f ic ie n t  h ^  f o r  
any L/D i s  o b ta in e d  by in te g r a t io n  which g iv e s
1/4 1A  -<* -P
h0,_ s± h  (1 + 0*067 ^  D + D Re (ae  + be +ce
i / d  00 L L
wheire a  = 0.1 * b = 0 .9  s c = 0*023
2 .7  29 .27  31.9S
For L/D g r e a te r  th a n  5? the  fo llo w in g  s im p lif ie d  e q u a tio n  may be 
used
1 /4
*
V D > 5  '  '  '  L
A ,  =  h o o  C 1 + 0;o67 Ee n  )
The f i r s t  q u a n t i ta t iv e  p r a c t i c a l  p ro o f  o f  L a tzk o * s a n a ly s is  was
(15)
i n  th e  r e s u l t s  o f th e  experim en ts  o f  E agle  & Ferguson • In  
t h i s  in s tan ce^  two therm o-coup les were so ld e red  on one o f t h e  
tu b e s  a t  d is ta n c e s  o f 2 and 94 d iam e te rs  r e s p e c t iv e ly  from th e  
commencement o f th e  h ea ted  sec tio n *  e n ab lin g  th e se  w orkers to  
c a lc u la te  th e  lo c a l  c o e f f ic ie n t  a t  L/D = 2 and L/D -  94*
They found th a t  th e  lo c a l  c o e f f ic ie n t  o f h e a t t r a n s f e r  a t
L/D = 2 , 50^ g r e a te r  th an  a t  L/D = 94*
( 9)
I n  1948, C h o le tte  whose' experim en ts  a re  d e sc rib e d  in
C hap ter 17, a llow ed  fo r  th e  c a lc u la t io n  o f th e  v a lu e s  o f average
h e a t t r a n s f e r  fo r  d i f f e r e n t  L /d( L/D = 10*55 21, 31*55 42 , 52 and
63)* He suggested  E quation  (2 .1 2 ) f o r  L/D betw een 10*5 to  63 and
0.1
Re 8000. I n  e q u a tio n  (2*12), th e  group (l/ d ) a llo w s fo r  
the  e f f e c t  o f th e  tube le n g th  on the  c o e f f ic ie n t  o f  h e a t t r a n s f e r  
based on lo g a rith m ic  mean tem pera tu re  d i f f e r e n c e ,  w hile  th e  group
0.15
(l/ d ) f o r  th e  c o e f f ic ie n t  of h ea t t r a n s f e r  i s  b ased  on th e
a r i th m e tic  mean*
' (7 )
B o elte r*  Young & I v e r s e n  • (see  c h a p te r  on p re v io u s  work) 
d esig n ed  t h e i r  a p p a ra tu s  to  o b ta in  v a lu e s  o f  the lo c a l  as w e ll  a s  
the  average  c o e f f ic ie n t s  o f  h e a t t r a n s f e r ,  and suggested  E qu a tio n  
(2 *15) f o r  the  average h e a t t r a n s f e r s
(4)
A rab i (see  c h a p te r  on p re v io u s  work) su g g ested  E quations 
(2*21), (2*22) fo r  v a lu e s  o f  th e  c o e f f i c i e n t s  o f  average h e a t 
t r a n s f e r  fo r  L / D 4? th e se  a re  s im i la r  i n  form to  t h a t  put
(7)
forw ard  by B o e l te r ,  Young & Iv e rs e n  (E quation  (2 .1 5 ))*
( 2 )
A ladyev proposed  E quations (2 .2 2 ) and ( 2 , 24) w hich 
diow th a t  th e  lo c a l  and average  c o e f f ic ie n t s  o f  h e a t t r a n s f e r  
d ec rea se  a lo n g  th e  p ip e  le n g th  up to  a  s e c t io n  a t  d is ta n c e  
L/D = 4 0 , fo r  th e  lo c a l  c o e f f ic ie n t s  *and L/D = 50 f o r  th e  
average  c o e f f i c i e n t s  o f  h e a t t r a n s f e r .
They a ls o  show th a t  th e  e f f e c t  o f  th e  tu b e  le n g th  i s  more s ig n i f ic a n t  
co m p ara tiv e ly  low Reynolds numbers*
I t  should  be n o tic e d  th a t  h i s  r e s u l t s  s u f f e r  from super 
tu rb u len c e  e f f e c t  and hence a s  i t  w i l l  be e x p la in ed  l a t e r  th e  
r e l a t io n s  which he fo rm u la ted  shou ld  n o t be compared w ith  th e  
r e s u l t s  o f  calm ed tu rb u len ce*
C H A P T E R  I I I  
CO-RELATINGp d a ta  op n o n -c ir c u la r  p ip e s
28*
A sh o r t  rev iew  has a lre a d y  "been made o f  th e  v a r io u s  
th e o r ie s  and methods o f c o r r e la t in g  d a ta  o f h e a t t r a n s f e r  by 
fo rced  co n v ec tio n  fo r  f l u i d  flow  in s id e  c i r c u l a r  p ip e s .
Some o f  th e se  methods a re  a p p lic a b le  w ith o u t m o d if ic a tio n  
to  n o n -c ir c u la r  p ip e s  (e  *g» by p lo t t in g  th e  c o e f f ic ie n t  o f h e a t 
t r a n s f e r  h  v e rsu s  th e  v e lo c i ty  o f flow  o r  mass flow  r a t e ,  which
(35)
w i l l  le a d  to  th e  same e x p re s s io n  suggested  by Reynolds (1874-)#
I n  most o th e r  methods o f  c o r r e la t in g  d a ta  o f h e a t t r a n s f e r ,
th e  d i f f e r e n t  f a c to r s  Which a re  found to  a f f e c t  th e  c o e f f ic ie n t  o f
h e a t t r a n s f e r  by co n v ec tio n  have been  grouped i n  d im en sio n less
groups a s  m entioned b e fo re*  Now th e  p resen ce  o f th e  l i n e a r  dim ension
In  some o f  th e se  groups N u^hD  ^ , Re  ^ vDp \  (which i s  th e  d iam e te r
in  cawe o f c i r c u l a r  tu b e) le d  to  th e  cho ice  o f a  s u i ta b le  l i n e a r
dim ension to  be used  i n  th e  d im en sio n less  groups and to  a  com parison
betw een d a ta  o b ta in ed  from d i f f e r in g  shapes*
Hy d ra u lic  d i am ete r De
As i n  th e  case o f  c i r c u l a r  p ip e s ,  th e  l i n e a r  d im ension  e q u a ls
k- c r o s s - s e c t io n a l  a re a = d ia m e te r  = D th e  l i n e a r  dim ension i n  
c ircum ference
th e  case  o f n o n - c i r c u la r  p ip e s  was d e term ined  by  th e  same p r in c ip l e ,
namely: A c r o s s - s e c t io n a l  a re a  o f th e  p ip e
p e r im e te r
There i s  no th e o r e t i c a l  b a s is  f o r  choosing  th e  h y d ra u lic  d ia m e te r ,
bu t i t  has been s u c c e s s fu lly  u sed  to  c o r r e la te  b o th  th e  d a ta  o f
th e  f r i c t i o n ,  and h e a t t r a n s f e r  f o r  l im i te d  p ip e s  sh ap es .
As th e  h e a t t r a n s f e r  by co n d u ctio n  i n  a  f l u i d  a t  r e s t  i s
d i r e c t l y  p ro p o r t io n a l  to  K t , th e n  N u sse lt number (  HD ^ re p re s e n ts
D '  Kt J
the  r a t i o  o f  the  a c tu a l  co n v ec tio n  h e a t t r a n s f e r  H p e r  u n i t  su rface
a re a  p e r  u n i t  tim e to  th e  h e a t t r a n s f e r  by con d u ctio n  in  th e  f l u i d
a t  r e s t .
2A gain, a s  pv re p re s e n ts  th e  incom ing f lu i d  momentum p e r
u n it  a re a  p e r  u n i t  tim e and / ^ v  r e p re s e n ts  th e  v isc o u s  drag  fo rc e
D
p e r u n i t  a r e a ,  and a s  th e  r a t i o  o f  th e  fo rm er to  th e  l a t t e r ,  namely
pv/ {My) e q u a ls  pvD , which eq u als  Reynolds number, i t  fo llo w s 
D
th a t  i t  i s  th e  group w hich d e te rm in es  th e  flow  p a tte rn *
I t  can  be seen  th a t  b o th  Nu and Re have a  p h y s ic a l  
s ig n i f ic a n c e .
The w r i t e r ,  th e r e f o r e ,  su g g es ts  t h a t  th e  use o f  th e  h y d ra u lic  
d iam e te r s p e c ia l ly  i n  Re i s  w holly  s u i ta b le  f o r  com parison betw een 
h e a t t r a n s f e r  r e s u l t s  o f  th e  cases  i n  w hich b o th  geom etric  and dynamic 
s im i l a r i t y  o b ta in .  I n  c e r t a in  o th e r  c a s e s , whose s im i l a r i t y  i s  
a b se n t, th e  h y d ra u lic  d ia m e te r  may co n tin u e  to  be used  f o r  q u a n t i ta t iv e  
com parison betw een h e a t t r a n s f e r  r e s u l t s  a t  l e a s t  u n t i l  an  improved 
method o f  com parison i s  ev o lv ed . There a re  c a s e s , however, ( f o r  
exam ple, th e  com parison betw een h e a t t r a n s f e r  r e s u l t s  o f  th e  Row 
in d en ted  tube  and th o se  o f  c i r c u l a r  p ip e )  where th e  w r i t e r  subm its 
th a t  i t  would be im p ra c tic a l  to  use Re and Nu based  on th e  
h y d ra u lic  d ia m e te r .
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FIG . 4 . 1 . . APPARATUS USED BY EAGLE & FERGUSON.
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(15)
(1) Eagle & Ferguson (1 930) c a r r ie d  out some experim ents 
on w a te r  flow  in s id e  c i r c u l a r  b ra s s  tu b e s  having  in s id e  d iam e te rs  
from 0 ,39  to  1 .4- in ch es  and 15 f e e t  lo n g 9 I n  case o f  th e  3/4- in c h  
diam . p ipe  6 f e e t ,  3 in ch es  n e a r  th e  o u t le t  end was e le c 'td c a lly  
h e a te d  by p a ss in g  a  lo w -te n s io n  a l t e r n a t in g - c u r r e n t  th rough  i t .
The y /a l l  tem p era tu re  was m easured by two c o p p e r-co n s ta n t ine  therm o­
co u p les  so ld e red  to  th e  h e a te d  p o r t io n  o f  the tu b e  a t  d is ta n c e s  
o f  13y in ch es  from each  end o f  th e  h e a te d  p a r t .  An a d d i t io n a l  
therm ocouple was u sed  a s  a  check to  measure d i r e c t l y  th e  w a te r 
tem p0 r i s e  betw een th e  i n l e t  and o u tle t*  A tube  o f  o v er 7 f e e t  
long  was used a s  a  calm ing s e c t io n .  The i n l e t  w a te r  co u ld  be h ea ted  
to  any d e s ire d  tem p e ra tu re  by means o f  a  number o f steam  j e t s  
in s e r te d 'b e lo w  w a te r  l e v e l  in to  th e  i n l e t  w a te r  ta n k . The lo s s  o f 
h y d ro s ta t ic  head o f  th e  w a te r  d u rin g  th e  h e a te d  t e s t s  was reco rd ed  
over a le n g th  o f  5 i t .  3 in ch es  o f  th e  h ea ted  s e c t io n .  The w a te r  
v e lo c i ty  was m a in ta in ed  by a  manometer In s e r te d  n e a r  th e  i n l e t  to  
th e  tu b e .  The h e a t im put p e i  u n i t  a re a  was assumed c o n s ta n t a long  
th e  whole le n g th  o f  th e  h e a te d  tube  and th e  lo c a l  c o e f f i c i e n t s  a t  
th e  two therm ocouples were th u s  ob ta ined*  The c o e f f i c i e n t  a t  th e  
o u t le t  therm ocouple was s l i g h t l y  l e s s  th a n  th a t  a t  th e  i n l e t  one and 
could  be co n sid e red  a s  e q u a l to  th o se  fo r  a tube  o f  i n f i n i t e  le n g th .
No allow ance was made f o r  th e  co n d u ctio n  end lo s s e s .
F I G . . 4 . 2 .  CHOLETTE*3 APPARATUS
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FIG A  .%  RESULTS OBTAINED BY CHOLETTE•
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FIG , 4 . 5 .  RESULTS OBTAINED BY BOELTER, YOUNG Sc IVERSEN.
(2) C h o le tte  (1948) c a r r ie d  ou t some t e s t s  on a i r  flow*
1in s id e  151 copper tu b e s , 12 / i f in :  long and 0*19 in ch  in s id e
diam* assem bled as  c lo s e ly  a s  p o s s ib le  i n  a form o f  a  m u lt i tu b u la r  
h e a t exchanger* The steam  space was lo n g i tu d in a l ly  d iv id e d  in to  
s ix  com partm ents (each  o f  L/D = 10*5) from which steam co u ld  be 
c o l le c te d  s e p a ra te ly .  T h is  h e a t exchanger was designed  to  o b ta in  
average c o e f f ic ie n t s  o f  h e a t  t r a n s f e r  f o r  ev ery  L/D = 10 .5  a long  
th e  tube and a ls o  th e  average  c o e f f ic ie n t  f o r  any d e s ir e d  sequence 
o f  com partm ents. A ir  tem p era tu re  was reco rd ed  by therm ocouples 
used to  g iv e  re a d in g s  b e fo re  e n te r in g  in to  and a f t e r  e x i t in g  from 
th e  h e a t exchanger*
The r e s is ta n c e  a t  th e  steam s id e  was n e g le c te d , th e  
r e s is ta n c e  a t  th e  a i r  s id e  b e in g  co n sid e red  a s  th e  t o t a l  r e s i s t a n c e .
, . ' (7)
(3) Boo I t e r ,  Young Cz Iv e r s e n  c a r r ie d  ou t experim en ts to  
determ ine th e  lo c a l  c o e f f ic ie n t  o f h ea t t r a n s f e r  from c i r c u l a r  s t e e l  
tu b e  (32 in c h es  lo n g , hav ing  2 in ch es  o*d . (1*785 in c h . i* d * ))  to  
a i r  flow ing  in s id e  th e  tube*  S ix tee n  d i f f e r e n t  i n l e t  c o n d itio n s  were 
in tro d u ce d  to  in v e s t ig a te  th e  e f f e c t  o f  su p e r tu rb u le n c e  on th e  lo c a l  
c o e f f ic ie n t  o f  h e a t t r a n s f e r !
The a p p a ra tu s  used  (Fig* 4*4) was a doubly  s te a m -ja c k e t te d  
c i r c u l a r  tu b e , th e  ja c k e t t in g  b e in g  d iv id e d  by 19 p a r t i t i o n s  which 
were b razed  to  th e  tu b e . The s a tu r a te d  steam in  th e  in n e r  ja c k e t  
su rround ing  th e  t e s t  p ip e  condensed by lo s in g  h e a t to  th e  a i r  and
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was c o l le c te d  a t  19 s e c tio n s  a long  th e  tu b e , th e  r a t e  o f 
co n d en sa tio n  i n  each s e c t io n  "being used  a s  a  measure o f th e  
h e a t t r a n s f e r  ra te# '
By m easuring th e  tube  w a ll te m p e ra tu re , th e  i n l e t  and 
o u t le t  a i r  te m p e ra tu res  by means o f  therm ocouples and th e  w eigh t 
r a t e  o f  a i r  f lo w , th e  c o e f f ic ie n t  o f h e a t t r a n s f e r  a lo n g  th e  tube  
le n g th  was ob tained#
(2)(it-) Work was c a r r ie d  ou t by Aladyev (1 951) to  in v e s t ig a te  
th e  e f f e c t  o f  th e  c i r c u la r  p ip e  le n g th  on b o th  th e  lo c a l  and 
average c o e f f i c i e n t s  o f h e a t t r a n s fe r#  W ater was h ea ted  in s id e  a 
10#2 mm# i#d# (15 mm# o#d) c i r c u l a r  p ip e . The h e a t exchanger 
c o n s is te d  o f  th re e  c o -a x ia i ly  a rran g ed  p ipes#  H eating  was e f f e c te d  
by s l i g h t l y  su p erh ea ted  steam , th e  ja c k e t  b e in g  d iv id e d  by 10 
diaphragm s in to  12 segments# The condensate  from each  segment was 
m easured f o r  th e  c a lc u la t io n  o f  the  c o e f f ic ie n t  o f  h e a t t r a n s f e r  over 
a  shori; leng th*  The w a ll  tem p e ra tu res  were reco rd ed  by copper 
c o n s ta n ta n  therm ocouples lo c a te d  i n  th e  w a l l  a t  d is ta n c e s  o f  0#3 mm* 
from th e  in n e r  su rfa ce  a t  d is ta n c e s  o f 5# 50 , 120:, 210, A50 and 595 
mms# from th e  i n l e t  s e c t io n  ; and the  w a te r  te m p e ra tu res  a t  i n l e t  and 
o u t le t  were reco rd ed  by b o th  therm ocouples and therm om eters#
There was no calm ing sec tio n *  a sm all c o n ic a l e n tra n c e  
be in g  used  (Big*4#6)#
33.
(5) I n  1951 A rab i c a r r ie d  out some t e s t s  on w a te r  flow
3 1in s id e  a  c i r c u la r  copper tube  / i f  in c h , in s id e  d iam ., and 30 / i f  
in ch es  h ea ted  le n g th , which co rresponds to  L/D = ifO.if 
(where L = le n g th  o f  th e  h e a te d  s e c t io n  
D = th e  i n t e r n a l  d iam eter)
The tu b e  was e l e c t r i c a l l y  h e a te d  in  a method s im ila r  to  t h a t  
employed by th e  w r i t e r .  The h ea ted  tube was in s u la te d  a t  b o th  
ends by two persp ex  c o n n e c tio n -p ie c e s . A calm ing s e c t io n  o f 33'ir 
in c h es  was u se d . The .tu b e  w a l l  tem ps, were m easured by 12 co p p er- 
C o n stan tin e  therm ocouples and th e  i n l e t  w a te r  tem p era tu re  by a 
s in g le  co p p er~ co n stan tin e  therm ocouple , w h ile  the  w a te r  tem p era tu re  
a t  any g iv e n  c r o s s - s e c t io n  a long  th e  h e a te d  tube  was determ ined  
from th e  h e a t imput and  th e  w a te r mass flo w . The p re s s u re  drop 
over th e  h ea ted  le n g th  was m easured w ith  a  U - d i f f e r e n t i a l  w a ter-g au g e . 
A rab i (1951) determ ined  th e  average h e a t t r a n s f e r  f o r  l /D  = if ,8 ,1 6 ,
27 and 36 and a ls o  f o r  a  tu b e  o f  i n f i n i t e  le n g th .  H is experim ents 
were c a r r ie d  out under c o n d itio n s  v e ry  s im i la r  to  th e  w r i t e r #s 
in  th e  case o f th e  square  and Row in d e n te d  tu b e s  and h i s  d a ta  
have th e re fo re  been  co n s id e re d  a s  a  b a s is  f o r  com parison betw een 
th e  square  and th e  in d e n te d  and th e  c i r c u l a r  tube  r e s u l t s .
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Bi Turbulence Prom oters
.mui—T mi     ■ m —
( 10)
i • I n  1931* C olburn  & King c a r r ie d  o u t experim ents on th e
e f f e c t  o f tu rb u le n t  prom oters on b o th  h e a t t r a n s f e r  and p re s su re  
drop from a i r  to  w ater*  The a p p a ra tu s  c o n s is te d  o f  s t e e l  tube
C / ji/
(3 f t*  x 2 8 in c h ) cooled  by w a te r i n  a  % in c h  copper c o i l  so ld e re d
around  th e  tu b e , - A ir  was su p p lied  from a b low er, m etered  by sh a rp -  
edge o r i f i c e ,  h e a te d  by e l e c t r i c  c o i l s  i n  0. fu rn a c e , and w e ll  mixed 
i n  s p e c ia l  chamber b e fo re  e n te r in g  th e  tu b e  (F ig* 4*7) 0
T em peratures o f  the c o o lin g  w a ter were m easured w ith  a 
m ercury therm om eter w hile  a i r  tem p e ra tu re s  were re c o rd ed  by therm o­
c o u p le s , The p re s s u re  drop  was m easured by means o f  an  in c l in e d  
d r a f t  gauge.
V arious ty p e s  o f  b a f f l e s  were Used a s  F ig ,4 .7  shows.
(23)
2 . K irov  & V a i l  undertook  t e s t s  to  in v e s t ig a te  th e  e f f e c t
o f  s p i r a l  tu rb u le n t  p rom oters  on h e a t t r a n s f e r  and p re s su re  drop on 
th e  e x p e rim en ta l smoke tube p la n t  a t  L ea th erh ead  vjhich m s  f i t t e d  
w ith  a  3 in c h  o .d .  10 s .w .g i (2 .744  in c h  i.cU ) and 14 f t .  long 
s tan d a rd  smoke tu b e .
A ir  was u sed  a s  th e  h e a tin g  medium.
• R e ta rd e rs  (2y in c h  wide and 14 s .w .g . th ic k )  o f  two d i f f e r e n t  
p i tc h e s  (1 i n  7 nnd 1 i n  14) nnd th re e  d i f f e r e n t  le n g th s  were u sed . 
I n l e t  gas tem p era tu re  v a r ie d  over a  range o f  1300 to  1900 °F . The 
r a t e  o f  ^ a s - f lo w  v a r ie d  o v e r  a  range o f  2 ,000  to  9*000 I b / s q . f t ,  
o f tu b e  c r o s s - s e c t io n a l  a r e a /h r .
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F io . 1.— Arrangement o f  colorim etric sm oke tube, fan and electric  
heater in fo rced  circulatory system .
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F ig . 5 .—Calming section.
FIG . 4 . 1 0 .  APPARATUS USED BY EVANS & SARJANT•
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FIG . 4 . 1 1 .  RESULTS OBTAINED BY EVANS & SARJANT.
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3# Work was c a r r ie d  o u t by Evans & S a r ja n t  , to  s tudy
the  e f f e c t  o f  induced tu rb u le n c e  on th e  h e a t t r a n s f e r  and p re s su re  
drop  from  n o n -lm in o u s  g a se s  flow ing  i n  a  tube  (8 ft#., long  and 3
7 /in ch es  o .d .  (2 8 in ch  i # d . ))  surrounded by a sp ira lly -w o u n d
copper tube o f r e c ta n g u la r  c ro s s - s e c t io n ,  s e rv in g  a s  a  w a te r  
c a lo r im e te r#
Thermocouples were p o s i t io n e d  in  th e  w a te r  stream  and a long  
th e  su rface  o f  the  c a lo r im e te r  to  enab le  a  d e ta i le d  exam ination  to  
be made o f tem p e ra tu re  d i s t r i b u t i o n  along th e  c a lo r im e te r#
A s e r ie s  o f  m ild  s t e e l  gauass (mesh 30 p e r  in ch ) and a  
tube  (2 f t ,  6 in ch es  long and 3 in c h  o .d .)  were used a s  calm ing 
s e c tio n  (F ig . 4 » 1 0 ).
The h e a tin g  o f a i r  up to  900 °F was a f f e c t e d  by 18 K.W. 
e l e c t r i c  h e a te r .  Hot a i r  was r e c i r c u la te d  by a  f a n . A ir  tem p era tu re  
was determ ined  from th e  o b se rv a tio n s  o f  d i s t r i b u t i o n  o f  tem p era tu re  
and v e lo c i ty  a c ro s s  the  tube d iam e te r a t  su cc e ss iv e  zones o f  m easure­
m ent.
Super tu rb u len c e  was produced by in s e r t in g  s p i r a l  prom oters 
o f w id th  2~2 in ch es  th ic k n e ss  3/ 32 in c h  made from tw is te d  s t e e l  
s t r i p s  7 f t .  long and having  p i tc h e s  o f 1 in  7 j 1 in  9, 1 i n  12 
and 1 in  1if.«
(31)
4# Nagabka & Watana.be conducted  experim en ts to  s tu d y
the e f f e c t  o f  c e r t a in  ty p e s  o f  tu rb u len c e -p ro m o te rs  on h ea t
(J>
I'm 1 hxpcr»m*nt*l Device.
(1) Inner Copper T ub* 0 F.lectrtc Heater.
(2) Outet Steel lu b e . i.7 I’hcrmal Insulator
( 3) Pipe (or drawing out T herm o-C ouples. (8; T urbulent Promotor v . i<«
(4 ) M ixing Vane. (9) M anom eter.
(5) Pump. (10) T herm om eter Pocket.
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F ig. 2. Positions o f  T herm o-C ouples
FIG . 4 . 1 2 .  APPARATUS USED BY UAGAOKA *aTAUABA.
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FIG .4 .1 5 a  RESULTS OBTAINED BY NAGAOKA & WATANABA.
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t r a n s f e r  to  w a ter flaw ing  in s id e  a  h o r iz o n ta l  copper tube  (26 .9  nun 
(1 .06 in ch ) in s id e  d ia m e te r , 31*8 mm (1 ,25 inch) o .d .  and 1 ,700 mm 
long (5*59 f t ) ) .  A s t e e l  p ipe (1 ,000  mm (3*28 f t ) )  was u sed  a s  a 
calm ing s e c t io n .
The a p p a ra tu s  was a h e a t ex changer. W ater from th e  main 
supply  was p assed  th ro u g h  th e  in n e r  copper tu b e , w h ile  e l e c t r i c a l l y  
h e a te d  o i l , c i r c u l a t e d  by a  pump, was used  a s  th e  h e a tin g  medium 
(F ig . 4 *12).
Two groups o f  prom oters were u sed ,g u id e  v an es , and s p i r a l  
w ire s ,  w ith  t h e i r  o u te r  d iam eter b e in g  made n e a r ly  e q u a l to  the  
in s id e  d iam ete r o f th e  w a te r tu b e .
The s p i r a l  w ire s  were made w ith  d i f f e r e n t  c ro s s - s e c t io n s  and 
sh ap es .
In  th e  case  o f th e  guide v an es , th e  prom oter was p la ce d  a t  
the  i n l e t  o f  the  h e a t  exchanger, and i n  the  case  o f th e  s p i r a l  w ire s ? 
a long  th e  whole le n g th  o f th e  h e a t exchanging p a r t .
The tube w a ll  tem p era tu res  a t  d i f f e r e n t  p o s i t io n s  and th e  
i n l e t  a s  w e ll  a s  th e  o u t l e t  w a ter tem p e ra tu res  were m easured w ith  
c o p p e r-co n s ta n ta n  therm o-couples (Fig,. A«12). The q u a n ti ty  o f w a te r  
flow  was m easured by th e  w eight o f  w a te r  e n te r in g  a v e s s e l  over a 
m easured p e r io d . The lo s s  o f  w a te r  head  in  th e  tu b e  was m easured 
by a n  in v e r te d  manometer*
The flow  v e lo c i ty  v a r ie d  betw een 1 m» p e r .  s e c . and 0 .2  
m, p e r  sec* (3*28 f t / s e c .  and O.656 f t / s e c ) *
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(0) Square and R ec tan g u la r P ip es
(48)
(1) I n  1 933, W ashington & Marks c a r r ie d  out some t e s t s
on a i r  flow  th ro u g h  r e c ta n g u la r  p a ssa g e s . They used  th re e
h o r iz o n ta l ,  s te a m -ja c k e tte d , co p p er-w alled  d u c ts ,  s e p a ra te d  a t
th e  edges by s t r i p s  o f t r a n s i t e .  The th re e  d u c ts  were o f th e
same h e ig h t and le n g th  (5 in ch es  and 4  f e e t  r e s p e c t iv e ly )  hu t
each  had a  d i f f e r e n t  gap o f  , 1 and 9^ in c h .  No calm ing
. 8 4  16
s e c tio n s  were u se d . The p re s su re  drop was m easured by a d i f f e r e n t i a l
manometer, w h ile  th e  w a il  te m p e ra tu re , and i n l e t  and  o u t l e t  a i r
tem p e ra tu res  were reco rd ed  by  c o p p e r-c o n s ta n tin e  therm ocoup les.
They lAjed th e  h y d ra u lic  d iam e te r i n  b o th  th e  h e a t t r a n s f e r  and
th e  f r i c t i o n  c a lc u la t io n s .  The e q u iv a le n t d ia m e te r  De was
ta k e n  a s  2 a b /(a + b ) , (where a ± h e ig h t o f th e  d u c t and b  = th e
w id th  o f  th e  d u c t)  and n o t a s  2b, a s  recommended by th o se  w orkers
who in t e r p r e t  "w e tted ” p e r im e te r  a s  "heated" p e r im e te r .
(12)(2) I n  1 937> experim en ts were c a r r ie d  out by Cope on w a te r  
flow ing  in  m e ta l p ip e s  o f v a rio u s  c ro s s - s e c t io n s  ( th e  i n t e r n a l  c r o s s -  
s e c tio n s  were 1.71 and 2.35 cm. d ia m e te r s . j io 4  c .rn .sq u a re , and 1 .9
cm* x  0 .9  cm. 2 .22  cm. x  0 .63  c m .,.a n d  2.33 cm. x 0 .32  cm. r e c ta n g le s ) .  
Each p ip e  was 12 f e e t  long  w ith  th e  c e n t r a l  6 f e e t  used  a s  th e  
w orking s e c t io n  (P ig . 2^.13)* W ater was coded and h ea ted  by co ld  
and h o t w a te r  r e s p e c t iv e ly . .  The p ipe  w a ll  tem p era tu re  was m easured
by two n ich ro m e-co n stan tin e  therm o -co u p les, w h ile  th e  i n l e t
and th e  o u t le t  tem p e ra tu res  o f  th e  w a te r  flow ing th rough  th e
p ip e  were re c o rd ed  by m ercury therm om eters. The extrem e v a lu e s
o f v e lo c i ty  and Reynold * s number were i n  the  r a t i o  300 /1 , th e
maximum v a lu es  be in g  11 f t * /s e c i and 30,000 r e s p e c t iv e ly .  The
r e s u l t s  o f  th e  h e a t tra n sm is s io n  t e s t s  on th e  v a r io u s  p ip es
were c o r r e la te d  on th e  b a s is  o f  th e  h y d ra u lic  d ia m e te r
( 4  c r o s s - s e c t io n  a re a  ) * The v i s c o s i ty  i n  th e  R eynold1 s
w e tte d ,p e r im e te r  
number was t h a t  p e r ta in in g  to  th e  p ip e  w a ll  te m p e ra tu re .
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(D) Tubes o f  D if f e re n t  Shape
(19)
(1) Green & King conducted experim en ts on a i r  p a ss in g  
th ro u g h  round tu b e s , p a r t i a l l y  f l a t t e n e d  tu b e s , and p a r t i a l l y  
f l a t t e n e d  dim pled tu b e s . Three tu b u la r - ty p e  a i r c r a f t - e n g in e  
in te r c o o le r s  o f  approx im ate ly  th e  same e x te r n a l  d im ensions (one 
w ith  round tu b e s ,  one w ith  p a r t i a l l y  f l a t t e n e d  tu b e s  and one w ith  
p a r t i a l l y  f l a t t e n e d  dim pled tu b e s)  were u sed .
The f i r s t  s e r ie s  o f  t e s t s  was c a r r ie d  o u t w ith  a i r  be ing  
blown th rough  th e  tu b e s  w h ile  steam  condensed around them (Fig.4<>1 
A nother s e r ie s  o f t e s t s  were c a r r ie d  o u t w ith  h o t a i r  p assed  
o u ts id e  th e  tu b e s  (F ig ,
The r e s u l t s  a re  g iv en  i n  F ig .  (4*17)«*
/ s ' '■ (17)(2) I n  1947 j F ishenden  & Saunders c a r r ie d  out some
experim en ts on p ro d u c ts  of com bustion o f  town g as flow ing in s id e  
what i s  c a l le d  ''S w ir ly f lo - tu b e ” w hich has been  used  a s  a f i r e - tu b e  
in  b o i l e r s  ( F i g . ,4*18)*
Three p a i r s  o f tu b e s  having  e x te r n a l  d ia m e te rs  o f 2^-, 1 ^ /4
-j
and 1 / 4  in c h , r e s p e c t iv e ly  and each  o f 10*5 f t .  long  betw een th e
tube  p la te s  o f  th e  h o r iz o n ta l  tro u g h  were employed, each p a i r
c o n s is te d  o f an  o rd in a ry  p l a in  c y l in d r ic a l  tu b e  and a s w ir ly f lo
h e l i c a l  tu b e . The tu b e s  were immersed in  th e  tro u g h , th rough
w hich w a te r  was p a sse d  a t  th e  r a t e  o f abou t 1 g a l lo n  p e r  m inute#
The i n l e t  tem p era tu re  o f  th e  w a te r v a r ie d  betw een 65°F and 75°F, 
and th a t  o f  o u t l e t  betw een 75°F and 105°F.
T he r e s u l t s  a re  g iv e n  i n  F ig ,
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APPARATUS
The a p p a ra tu s  was designed  f o r  s im ultaneous d e te rm in a tio n  
o f  th e  h y d ra u lic  lo s s e s  and o f th e  a v e rag e , a s  w e ll  a s  th e  l o c a l ,  
c o e f f ic ie n t s  o f h ea t t r a n s f e r  a t  d i f f e r e n t  mass flow .' I t  was a ls o  
c o n s tru c te d  to  meet a l l  th e  n e ce ssa ry  req u irem en ts  o f  th e  suggested  
re sea rc h #
To m a in ta in  a  s te a d y  c o n s ta n t mass flow  a t  each  t e s t ,  th e  
p re s su re  a t  th e  i n l e t  to  th e  a p p a ra tu s  was k e p t c o n s ta n t hy th e  
fo llo w in g  :~
(a ) A c o n s ta n t-h e a d  g a lv an ize d  i r o n  ta n k , p laced  20 f t .  above 
th e  p ip e  under t e s t ,  Was used  a s  a  su p p ly . I t  was fe d  from th e  
mains and  had an  overflow * Due to  i t s  l im i te d  h e ig h t above th e  
p ipe  un d er t e s t  and th e  l im i te d  r a t e  o f  d isch a rg e  o f  th e  w a te r  m ains, 
i t s  use was r e s t r i c t e d  to  co m p ara tiv e ly  sm all mass flow  r a t e  and 
h y d ra u lic  lo sse s*
(b) For th e  h ig h  mass flow  r a t e  (a s  i n  th e  case  o f  th e  c i r c u l a r  
tu b e ) o r  h ig h  h y d ra u lic  lo s s e s  (a s  i n  th e  case o f th e  How tu b e ) ,  a  
c e n t r i f u g a l  pump was u sed .
T h is  pump gave a  d isc h a rg e  o f  20 g a llo n s /m in . and a head  o f 
80 f t .  o f  w a te r .  The s u c tio n  Side was connec ted  to  a  f a i r l y  la rg e  
co n s ta n t-h e a d  w a te r  ta n k , w hich was fed  from th e  w a te r - f i r e  m ains.
The d e l iv e ry  Side was connec ted  to  th e  i n l e t  o f th e  ap p ara tu s#
The pump was d r iv e n  th ro u g h  a  m u lt i  V -b e lt  by a  D#C. 110 v o l t  shunt
Or
3 :
m otor. To m a in ta in  a c o n s ta n t pump speed a Broun-Bove ry  v o l ta g e -
r e g u la to r  was connected  to  th e  e l e c t r i c  m aiiis. As a  f u r th e r
p re c a u tio n , a  v a r ia b le  r e s i s t a n t  was connected  i n  s e r ie s  w ith  th e
f i e l d  c i r c u i t  o f the  m oto r. A speed m ete r was used to  r e c o rd  th e
speed o f  th e  pump.
The w a te r  from th e  co n s ta n t-h e a d  ta n k  o r from th e  pump flow ed
th rough  a  t r a s s  nozzle  (N)._ The drop i n  p re s su re  caused  th e re b y , a s
m easured by th e  w a te r  o r  by th e  m ercury d i f f e r e n t i a l  gauges connected
to  th e  gauge p o in ts  P. . and P0, was c a l i b r a t e d  to  de term in e  th e1 2
v e lo c i ty  o f  w a ter i n  th e  tube under t e s t*
To re c o rd  th e  i n l e t  w a te r  te m p e ra tu re , and to  a llo w  th e  a i r
l ib e r a te d  from th e  w a te r  to  e sc a p e , a b ra s s  tube  ( t )  (7 in ch es
i
lo n g , 3 in c h es  in s id e  d ia m e te r ) , to g e th e r  w ith  two / i f  in c h , b ra s s  
f la n g e s  (f-j and f2 /  connected  to  th e  i n l e t  arid o u t le t  p ip e s  ( i  and 0) 
were u se d . Screw ro d s  ( r )  h e ld  th e se  p a r t s  to g e th e r  and made i t  easy  
to  tak e  i t  to  p ie c e s  when r e q u ir e d .  A p e r fo ra te d  p la te  (p) was 
f i t t e d  to  even  th e  w a te r flow . On th e  to p  o f  tube  ( t ) ,  a v en t cork  
(v) was f ix e d  to  a llo w  th e  a i r  l ib e r a te d  from th e  w a te r  to  e sc a p e .
(d) i s  a  d r a in .  A therm ocouple ( t h i )  in s id e  a  g la s s  tu b e  (s e a le d  
a t  b o th  ends w ith  w h ite  p o s t ic  (F ig . 5«6)) was in s e r te d  th ro u g h  a 
g lan d  ( g ) ,  th e  ju n c t io n  o n ly  p ro je c t in g  in to  th e  w a te r  to  m easure 
th e  tem p era tu re  o f  th e  i n l e t  c ra te r .
F IG  .5 .7 . ROW INDENTED T U B E .
The P in e s  under T est
Three d i f f e r e n t  ty p es  o f  p ip e  were used  i n  th e  in v e s t ig a t io n .
(a ) A c i r c u l a r  b ra s s  p ip e  6*3” lo n g , th e  e x te r n a l  and in t e r n a l
-]
d iam e te rs  were 1 / 4  and 1 in ch es  r e s p e c t iv e ly ,  the  w a ll  th ic k n e s s  
be ing  1 /8  in c h .
(b) A square drawn b ra s s  p ip e  6 lo n g , th e  e x te r n a l  and 
in t e r n a l  c r o s s - s e c t io n s  were 0 .88  and 0 .79  in c h , r e s p e c t iv e ly ,  th e  
w a ll  th ic k n e ss  be ing  0*043 in c h .
(c ) A "Row'1 P a te n t In d en ted  tu b e , w hich was form ed from a  p la in
round copper tu b e  (3*2^” lo n g , 0*73 in c h , o .d . ,  0*634 in c h  i . d . ,  th e  
w a ll  th ic k n e s s  b e in g  0.048 in c h .)  -by in d e n tin g  on ly  th e  c e n t r a l  
33y in ch es  in  a  r e g u la r  m anner, each  in d en t b e in g  a t  r ig h t  a n g le s
■ i
to  th e  p r #oeding one (P ig . 3*7) * The o v e r a l l  le n g th  o f th e  
in d e n te d  s e c t io n  a f t e r  be ing  in d e n te d  was 3  ^ in c h es  lo n g . i . e .  th e  
o v e r a l l  le n g th  o f th e  Roy/ tube was 36 in c h es  (31 in c h es  in d e n te d  
and 2-J-fiin c h es  p la in  tu b in g  a t  each  e n d ).
Calming S e c tio n s
To m a in ta in  a  fu lly -d e v e lo p e d  flow  a t  th e  i n l e t  o f  th e  
h ea ted  s e c t io n ,  th e  f i r s t  25 in ch es  i n  th e  case  o f  th e  c i r c u l a r  
tube  and th e  f i r s t  40 in c h es  i n  th e  case  o f square p ip e  were used 
r e s p e c t iv e ly  a s  calm ing s e c t io n s .  I n  each  case  th e  calm ing s e c t io n  
was f ix e d  a t  one end to  th e  f la n g e  ( f g ) ,  th e  o th e r  end b e in g  in s u la te d
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from th e  h e a te d  p ipe  by co n n ec tio n  p ie c e s  o f  a  p o o rly  conducting  
m a te r ia l .  These p ie c e s  were made o f nT u fn o l!‘ and have th e  same 
i n te r n a l  dim ensions a s  th e  c i r c u l a r  and square  p ip e s  r e s p e c t iv e ly  
(F ig . 5 .8 ) .
The calm ing s e c t io n  i n  each  case was in s u la te d  a lo n g  i t s  
le n g ih  by a sb e s to s  ta p e s .
H eated P ip es
These were 50 , Jf0.5 and 36 inohes long  w ith  th e  c e n t r a l  
bkt 31 *5 and 31 in ch es  e l e c t r i c a l l y  h e a te d  f o r  th e  c i r c u l a r ,  square 
and Rot/ tube  r e s p e c t iv e ly .  I n  each o a se , th e  h ea ted  p ip e  was 
in s u la te d  a t  b o th  ends by two T ufno l co n n ec tio n  p ie c e s  i n  th e  c a s e s  
o f  th e  c i r c u l a r  and th e  square  p ip e s , and by ru b b e r co n n ec tio n  p iece  
in  th e  case  o f th e  Row tu b e , to  m inim ise th e  conduction  end lo s s e s  
th rough  th e  ca.lming s e c t io n  and th e  o u t l e t  p ip e .
Surface H a ll  Tem perature Measurement
T his was e f f e c te d  by 13(30 S.V/.G-), 12 (32 S.¥.G-) and 15(32 
S.T7.G-) g la s s -c o v e re d  c o p p e r-c o n s ta n tin e  therm ocouples in  th e  case  
o f  th e  c i r c u l a r ,  square and Row tu b e s  r e s p e c t iv e ly .
I n  th e  case  o f th e  c i r c u l a r  p ipe  th e  thexm ocouples were 
f ix e d  i n  g rooves 0.1 in c h , deep a t  fo llo w in g  d is ta n c e s  from th e  
commencement o f  th e  h ea ted  s e c t io n .
Thermo­
couple No^ 1 2 3 4 3 6 7 8 V ; 10 11 12 13 j
L in c h es 0 .5 2 3 .5 5 8 11 12 .5 15 .5 1.7 23 2 6 29 43 ,5
l/ d
i . „ .  _ _ _ _ _ _ _ _ _ _ _  _ _ _
0 .5 2 3 .5 5 8 11 1 2 .5 - 15 .5 17 23 26 29 43 .5
_____—L
I n  th e  case o f  th e  square  p ipe a l l  th e  therm ocouples were 
f ix e d  to  th e  same su rfao e  le n g th  in  grooves 0*025 in d h , deep a t  th e  
fo llo w in g  d is ta n c e s  from th e  "beginning o f the h e a te d  s e c t io n .
Thermo- 1 
couple no , — 
L in  ' 5  
in ch es  j
2 3 4 5 6 7 8
. .... 1
9 10 11 12 .
2 .5 3 .5 4 .5 6 .5 7 .5 8 .5 10.5 15.5 18,5 23.5 28,5
I/D  jo. 633 3.165 4 .43 5 .69
_____
8.23 9 .5 10 .76 13.29 1 9 .62 23.42 29.75 36 ,07
I n  th e  case o f th e  Row tube* the  therm ocouples were f ix e d  a t  
the  fo llo w in g  d is ta n c e s  from the  commencement o f  th e  h e a te d  s e c t io n
Thermocouple No. 1 2 3 4 5 6 7 8 9
L i n  in c h es 1 .5 2.5 3 .5 4 .5 5 .5 6 .5 7 .5 8 .5 9.5
10 11 12. 13 14 15
11 .5 13.5 15 .5 21.5 24.5
.
27.5
The method o f  i n s t a l l i n g  th e  therm ocouples i s  s im i la r  to  th e
(28) (3)one recommended "by McAdams f and r e c e n t ly  used  "by b o th  A li
On
45.
(4)
and A rab i , I t  i s  a s  fo l lo w s :-
(1) The ends o f th e  two therm ocouple w ire s  were tw is te d  Ttnd th e n  
fu sed  to g e th e r  by means o f an  e l e c t r i c  spark  i n  an  atm osphere f r e e  
from oxygen, to  p rev en t o x id iz a t io n  (F ig . 5 * 9 ).
(2) To re c e iv e  th e  therm ocouple ju n c t io n s ,  V -shaped grooves
0*1 in ch  deep and 0 .5  in ch  long  in  the  su rfa c e  and V -shaped grooves 
•025 in ch  deep and 0.44- in c h  long i n  one o f th e  f a c e s  o f th $  
square p ip e  were c u t on a m il l in g  machine a t  r i g h t  a n g le s  to  th e  
c e n t r a l  a x is  o f  each  p ip e .
Each therm ocouple ju n c t io n  was th e n  f i t t e d  i n  a  groove and 
s o f t - s o ld e re d  to  th e  p ipe  w a ll  f o r  p e r f e c t  m e ta l l ic  c o n ta c t .
S u p erfluous s o ld e r  was removed by a  f i l e  and em ery-paper, a  f lu s h  
h o r iz o n ta l  su rfa c e  b e in g  o b ta in e d .
The w a ll  th ic k n e s s  o f  th e  Row tube b e in g  t i n  (.0 4 8  in ch ) 
and th e  su rfa ce  c o rru g a te d , th e  therm ocouples were f ix e d  by s o f t -  
flow  s i l v e r  so ld e r in g  i n  c o n ta c t w ith  th e  o u te r  su rfa c e  o f  th e  
re c e s se d  p a r t s  o f  th e  in d e n ts  a f t e r  th o ro u g h ly  c le a n in g  th e  s u r fa c e .
F or each  p ip e , th e  f r e e  ends o f th e  therm ocouples were th e n  
connected  to  th e  s o l id  s i l v e r  c o n ta c ts  o f  a  double poj.e 33*-ways 
s e le c to r  sw itch . The common te rm in a ls  o f  th e  sw itch  were connected  
to  a  re fe re n c e  c o ld - ju n c t io n ,  which was k e p t a t  a  c o n s ta n t tem pera tu re  
by means o f  m e ltin g  ic e  (made from d i s t i l l e d  w a te r )c o n ta in e d  i n  a 
vacuum f l a s k .  The sw itch  was a c tu a te d  m anually , so t h a t  th e  
therm ocouples co u ld  be connected  one a t  a  tim e to  th e  re fe re n c e  co ld  
ju n c t io n .
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The H eating  Elem ents (F ig .; (5 *10))
For each o f  th e  th re e  tu b es  th e  fo llo w in g  tech n iq u e  was 
fo llo w ed .
The hea ted  le n g th  o f th e  tube  was e l e c t r i c a l l y  in s u la te d  
f i r s t  w ith  two la y e r s  o f  woven g la s s  ta p e  (1 in ch  wide and 0*01 
in ch  th ic k )  which was t r e a t e d  w ith  s i l ic o n e  v a rn is h  w hich i s  a  non- 
a b so rb e r o f  m o istu re  and w hich in c re a s e s  th e  h e a t c o n d u c tiv i ty , and 
secondly  w ith  two la y e r s  o f  l i s t i n g  a s b e s to s 'ta p e  (T ^ ).
The w ire  o f  th e  e l e c t r i c a l  h e a te r s  (H) were o f 21 ^20 and 
21 S.17.G-. n ickel-chrom e fo r  th e  c i r c u l a r ,  square and Row tu b e s  
r e s p e c t iv e ly .  To m a in ta in  a  c o n stan t h e a t f lu x  ( i . e .  c o n s ta n t h e a t '  
imput p e r  u n i t  su rfa ce  a re a  o f th e  tu b e ) ,  th e  h e a tin g  w ire  was 
r e g u la r ly  wound round th e  tube  by s e t t in g  th e  tube  betw een c e n tr e s  
o f a  la th e  * The w ire  was fe d  under c o n s ta n t w eight th ro u g h  a  p u lle y  
which was f ix e d  i n  th e  to o l  box ( in s te a d  o f th e  c u t t e r  ) • The 
au to m atic  fe ed  o f  th e  la th e  was a d ju s te d  to  g ive  fo u r com plete tu rn s  
p e r  in c h  o f  th e  tube  le n g th .
The two ends o f  th e  h e a tin g  w ire  were b ra s s  screws* These 
screw s se rv ed  a s  th e  p o s i t iv e  and n e g a tiv e  te rm in a ls  o f th e  h e a te r .  
To check i t s  r e g u la r i t y ,  th e  h e a te r  was tap p ed  a t  freq u e n t eq u a l 
d is ta n c e s  a lo n g  th e  le n g th  o f  th e  tu b e . These tap p in g s  were w ired  
to  a  b o a rd , so t h a t  a  v o ltm e te r  cou ld  be connected  to  re c o rd  th e  
v o lta g e  drop  p e r  u n i t  le n g th  o f  th e  tu b e , w hich was found c o n s ta n t .
Hence th e  tech n iq u e  o f  w in d in g  th e  h e a te r  w ire s  on a  la th e  gave 
h ig h  a c c u ra c y .
These tap p in g s  were removed a f t e r  t h i s  check.
The h e a te r  was th e n  covered by 4  la y e r s  of E ^  l i s t i n g  
tap e  (T^) • I n  th e  case o f th e  square p ip e  fo u r  s t r i p s  o f a sb e s to s  
m i l l  board  3 /8  in c h  th ic k n e s s  w ith  s lo t s  f o r  th e  therm ocouple w ire s , 
were f i t t e d  round th e  p ip e ,  w h ile  i n  th e  case  o f  th e  c i r c u l a r  and 
Row tu b e s  .asbedos rope  in c h  d iam eter was wound over th e  a sb e s to s  
tap e  ( b ) •
To re c o rd  th e  tem p era tu re  g ra d ie n t th ro u g h  th e  in s u la t io n  
betw een th e  h e a te r  and th e  guard  h e a te r ,  th e  fo llo w in g  procedure  
was a d o p ted .
Four p a i r s  o f therm ocouples were a t ta c h e d  a t  d is ta n c e s  
A 3
(7 /8, 18 A , 27-J and 37i), (6*14,20 and 26) and (4,13,21 and 27) 
in ch es  from  th e  beg in n in g  o f  th e  h e a te d  s e c t io n s  i n  th e  ca se s  o f  
th e  c i r c u l a r ,  square and Row tu b e s  r e s p e c t iv e ly .  Each p a i r  o f 
therm ocouples ( th )  was a rra n g ed  so t h a t  one was a tta c h e d  to  th e  
o u te r  s u rfa c e  o f  th e  m illb o a rd  o r  th e  a sb e s to s  rope and th e  o th e r  
to  th e  in n e r  su rfa ce  v e r t i c a l l y  below i t .
The a sb e s to s  b o a rd s  oil th e  a sb e s to s  rope  was th e n  
covered  by fo u r  la y e r s  o f  a sb e s to s  l i s t i n g  tap e  (T ^ ).
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Guard H ea te r (Hcj )
To e lim in a te  r a d ia t io n  lo s s e s  from th e  in s u la t io n  to  th e
su rro u n d in g s , a n o th e r  h e a te r  was th e n  wound e v e r  th e  a sb e s to s  tap e
(T*) a lo n g  th e  tube le n g th s  T h is sim ple method o f e lim in a tin g
(kb-)' (3)
r a d ia t io n  lo s se s  was used  by S ie g e l & Hawkins , th e n  by A l i  ,
i n  work on h e a t t r a n s f e r  from a p lane  Surface  to  a i r  flo w in g  over
,( 4 )  ~
i t  , and l a t e r  by A rab! i n  h i s  work on h e a t t r a n s f e r  from  a 
c i r c u l a r  tube  to  w a te r  flow ing  in s id e .
F or a  g iv en  amount o f h e a t g e n e ra te d  by th e  m ain h e a te r  
and a g iv e n  m a ss if  low r a t e  o f w a te r  in s id e  th e  p ip e , th e  amount of 
h ea t g e n e ra te d  by th e  guard  h e a te r  can be a d ju s te d  u n t i l  ev ery  p a i r  
of therm ocouples ( tig, .*g ?3 ? i ) betw een th e  heaters and guard  h e a te r  
r e g i s t e r  r e s p e c t iv e ly  th e  same tempera.tu.re 0 When t h i s  c o n d itio n  
i s  a t t a in e d  th e re  w i l l  be no tem p era tu re  g ra d ie n t  a c ro ss  th e  
in s u la t io n  betw een th e  h e a te r  and th e  guard  h e a te r .  I n  o th e r  
words a l l  th e  h ea t g e n e ra te d  by th e  h e a te r  w i l l  be p a ss in g  to  th e  
p ip e  w a l l ,  thence  to  th e  flu id®
The guard  h e a te r  was f i r s t  covered  by 4- la y e r s  o f  
l i s t i n g  ta p e  (T^) and th e n  by th re e  la y e r s  o f Eg a sb e s to s  
woven webbing tube (1M w id th  and i / i 6 " th ic k n e s s )  (T^) 0
The power f o r  b o th  h e a te r s  (h e a te r  and guard  h e a te r )  came 
from th e  same D.C, 230 v o l t s  su p p ly . (P ig 0 5*11 )<>
The v o lta g e  d rops and th e  c u r re n ts  a c ro s s  th e  two h e a te r s
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were m easured "by a v o ltm e te r  and two am m eters, u s in g  a  two-way 
sw itch  ,(EV) i n  th e  case o f  th e  vo ltm eter*
To ensure  th a t  th e  whole a p p a ra tu s , e s p e c ia l ly  th e  p ipe  
under t e s t ,  i s  f u l l  o f w a te r  even  when th e  w a te r  supply  va lv e  
i s  c lo se d , a curved p ipe  m s  a tta c h e d  to  th e  o u t l e t  flan g e  to  th e  
d r a in ,  th e  le v e l  o f i t  b e in g  h ig h e r  th a n  any p o in t i n  th e  a p p a ra tu s  
from th e  v e lo c i ty  m eter to  th e  o u t l e t .
A therm ocouple ( th Q) was in s e r te d  i n  th e  o u t le t  b ra s s  tu b e , 
in  the same way a s  th e  i n l e t  therm ocouple ( th ^ ) ,  to  r e g i s t e r  th e  
tem p era tu re  o f  o u t le t  w a te r .  A p e r fo ra te d  tu b e  was a t ta c h e d  to  
th e  end o f  th e  i n l e t  p ipe  to  mix th e  w a te r  from  the h ea ted  p ip e  
b e fo re  i t s  tem pera tu re  was re g is te re d ..
S ince th e re  a re  con d u ctio n  and r a d i a t i o n  lo s s e s  a t  th e  
o u t le t  box, th e  w r i t e r  d ecided  to  c a lc u la te  from e q u a tio n  (6 .2 )  
th e  w a te r  b u lk  tem p era tu re  a t  th e  o u t le t  a s  w e l l  a s  a t  any g iv en  
s e c t io n  a lo n g  th e  h e a te d  p ip e •
T urbulence Prom oters* (P ig . 3«12)
These were made from s ix  f l a t  b ra s s  r o l l e d  s t r i p s  ( f i n c h e s
long  j 1 in c h  w id th  and  *0^8 in c h  th ickne s s ) . Each s t r i p  m s  tw is te d
r e g u la r ly  i n  d i f f e r e n t  numbers o f tw is t  so t h a t  a  s p i r a l  form w ith
d i f f e r e n t  p i tc h  f o r  each  s t r i p  was o b ta in e d . Each prom oter was
re p re s e n te d  by th e  le n g th  o f i t s  p i t c h  in  in c h es  (P i tc h  1 i n  2 *31,
Pitch 1 in 5.445,
P i tc h  1 i n  2*62f, P i t c h  1 i n  3 •£  A P i t c h  .1 i n  9*6 and P i tc h  1 i n
The a c tu a l  w id th  o f each  prom oter was a few th o u s  
under 1 in c h . Hence each  prom oter was c a r e f u l ly  in s e r te d  in s id e  
th e  heeded c i r c u l a r  p ip e ,
A s p e c ia l  lo ck in g  nut w ith  a  s lo t  (F ig . 5*8) was used 
a t  th e  o u t le t  o f th e  p ip e  under t e s t  to  p rev en t th e  prom oter 
from r o ta t in g  d u rin g  t e s t .
The H ydrau lic  L osses
These were m easured o v e r th e  fo llo w in g  c e n t r a l  le n g th s  o f 
th e  h e a te d  s e c t io n s :
(a) l[6 .5  i n c h e s i n  th e  case  o f the  c i r c u l a r  p ipe
(h) 3 6 .6  in c h e s , i n  th e  case o f  the  square p ipe
(c ) 32*2 in c h e s , i n  th e  case o f  th e  Row tube
These m easurem ents were e f f e c te d  by two ta p p in g s  connected
to  b o th  w a te r  and m ercury d i f f e r e n t i a l  gauges*
The tech n iq u e  o f d r i l l i n g  th e  h o le s  i n  th e  tu b e s  f o r  th e
0 )
p re s su re  ta p p in g s  i s  s im i la r  to  th e  one recommended by A ddison •
51.
C H A P T E R  VI 
EHERBENTAL PROCEDURE AMD METHOD OF CALCULATION.
(A) • E xperim ental Procedure
H in e ty ~ six  t e s t s  we re  c a r r ie d  ou t du ring  th e  course  o f th e  
in v e s t ig a t io n  : 18 t e s t s  on th e  empty tu b e , AO on th e  s ix  p ro m o ters ,
1 6 on th e  square p ip e  and 22 on th e  Row tube* Except in  th e  case  o f 
th e  Row tu b e , th e  in s id e  su rface  o f  th e  tu b e  under t e s t  was c lean ed  
w ith  a  s o f t  rag  once a  week*
Each o f  th e  9€ t e s t s  was c a r r ie d  out a s  fo llo w s :
(1 ) H a te r  was p assed  th rough  th e  a p p a ra tu s  to  g iv e  th e  re q u ire d
v e lo c i ty  i n  th e  tube  under t e s t ,
(2) The m ain h e a te r  was th e n  sw itched  on, and th e  v a r ia b le
r e s is ta n c e  i n  s e r i e s  w ith  i t  was a d ju s te d  to  g iv e  th e  re q u ire d  
e l e c t r i c a l  power imput i*e* the r e q u ire d  amount o f h e a t .
(3) The guard h e a te r  was th e n  sw itched  on and the  v a r ia b le
r e s is ta n c e  i n  s e r ie s  w ith  i t  was a d ju s te d  to  g iv e  th e  re q u ire d
h e a t imput to  e lim in a te  r a d ia t io n  lo s s e s .  T h is  imput was m ain ta in ed  
by re c o rd in g  th e  therm ocouple re a d in g s  betw een th e  two h e a te r s  ev ery  
20 m inu tes and , when n e c e s sa ry , th e  change o f th e  power imput o f th e  
guard  h e a te r ,
(A) T he:i n l e t  w a te r  and th e  tu b e  su rfa ce  therm ocouples re a d in g s
were reco rd ed  ev ery  20 m inu tes u n t i l  two su cc e ss iv e  groups o f re a d in g s  
were found to  be th e  same. A t th e  same tim e , th e  w a te r  flow  and th e
h e a t imput to  th e  h e a te r s  were k ep t c o n s ta n t ,  the  system  being  
a llow ed  to  b a lan ce  th o ro u g h ly  b e fo re  f i n a l  re ad in g s  were ta k e n .
The tim e re q u ire d  to  re a ch  a  s tead y  s ta t e  v a r ie d  from 
1 -g- to  A h o u rs , a cco rd in g  to  th e  v e lo c i ty  o f flow*
The fo llo w in g  d a ta  were th e n  reco rd ed  f o r  each  t e s t :
The v o lta g e  and th e  c u rre n t i n  b o th  th e  m ain h e a te r  and 
guard  h e a te r ,  
b) A l l  therm ocouple re a d in g s .
The v e lo c i ty  gauge re a d in g  o r th e  w eight o f w a te r  c o l le c te d  
over a  c e r t a in  tim e , 
d) The p re s su re  drop in  th e  t e s t  s e c t io n .
Method o f C a lc u la t io n
1 . C o e f f ic ie n t  o f Heat T ra n s fe r  (h)
(a ) Average c o e f f ic ie n t  o f  h e a t t r a n s f e r  
T h is  was de term ined  from th e  e q u a tio n  o f h e a t t r a n s f e r  by 
co n v ec tio n
h  = - - 2 --------  = * . . . . . . ( 6 . 1 )
A /A t  kA-t
where / I t  = mean d if fe re n c e  betw een th e  su rfa c e  tem p era tu re
and th e  mean f l u i d  bu lk  te m p e ra tu re .
The amount o f  h ea t t r a n s f e r r e d
The h e a t imput p e r  u n it  su rfa c e  a re a  was c o n s ta n t ,  hence,
from th e  power consumed “by th e  main h e a te r  and th e  h e a t t r a n s f e r
a re a  r e q u ire d  in  each c a s e , q th e  q u a n t i ty  of h e a t p e r  u n i t  
p e r
a r e a \u n i t  tim e vns c a lc u la te d *
Mean tem p era tu re  d if f e r e n c e
As th e  e q u a tio n  (6*1) i s  d e r iv e d  hy th e  in te g r a t io n  o f 
th e  b a s ic  e q u a tio n
h = dQ 
dA A t
over a  tube le n g th  L, hence the  lo g a rith m ic  mean te in p era tu re  
d if fe re n c e  foh  th e  le n g th  L should  be u sed . As m entioned b e fo re  . 
(C hap ter I I ) ,  however, th e  a r i th m e tic  mean tem p era tu re  d if fe re n c e  
cou ld  be u sed , s in ce  th e  d if fe re n c e  betw een th e  su rfa c e  tem p era tu re  
and th e  w a te r  tem p era tu re  i s  sm all*
The tube  su rfa c e  te m p e ra tu re , as  o b ta in ed  from th e  therm o­
couple read in g s^  was p lo t te d  a g a in s t  th e  le n g th  d iam e te r r a t i o  f o r  
each  t e s t ,  ex cep t i n  th e  t e s t s  o f the  Row tube* The mean tube 
su rfa c e  tem pera tu re  (^ sn ) ^o r "^e le n g th  re q u ire d  was th e n  determ ined  
from th o se  cu rves (F igs*  1 ,2 ,3 )*
The w a te r  tem p era tu re  a t  any tu b e  le n g th  was c a lc u la te d  
from th e  fo llo w in g  e q u a tio n
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WC
and hence t* , m = U ^ oj q + t  w ±)
and
^ t  = t  - t
sm U)m
("b) L ocal c o e f f ic ie n t  o f  h e a t t r a n s f e r
From th e  b a s ic  e q u a tio n  o f  h e a t t r a n s f e r  by co n v ec tio n
h = dQ 
dA AH
as the  r a t e  o f  h ea t flow  p e r  u n it  tim e was c o n s ta n t f o r  each  
t e s t ,  dQ w as, th e re fo re  c o n s ta n t .  H ence,
fry -  Q 1 = c o n s ta n t • • « • • • • • • • • ( 6 .3 )
A " S T  ^  t
<£\t a t  any L/D was d e term ined  from th e  su rfa ce  and w a te r 
tem p era tu re  a g a in s t  L/D cu rv es  (F igs* 1 ,2 ^ 3 ) .
The su rfa ce  and w a te r  tem p e ra tu re s  f o r  a l l  th e  t e s t s ,  
excep t th o se  o f  th e  Rot/ tu b e , w ere p lo t te d  a g a in s t  tube le n g th  
d iam e te r r a t i o  (F ig s , ’1 ,2 ,3 ) .
As th e  amount o f  h e a t g iv en  to  the  w a te r  p e r  u n i t  le n g th  
o f th e  tu b e  was c o n s ta n t ,  th e  w a te r  tem p era tu re  -  L/D cu rv es  
a re  s t r a ig h t  l i n e s .  The w a ll  tem p era tu re  fo llo w s a curve w ith  
a  d im in ish in g  slope fo r  a  c e r t a in  le n g th  from th e  e n tra n c e  to  th e
tube I ( i /D )^  | , a f t e r  w hich the  curve becomes a s t r a ig h t  l in e
p a r a l l e l  to  th e  w a te r tem peratu re#  i#e# th e  lo c a l  c o e f f ic ie n t  
o f h ea t t r a n s f e r  rem ains c o n s ta n t a t  any va lu e  o f L/D d> (l/ D ) ^  
and can be co n sid e red  a s  th e  c o e f f ic ie n t  o f h ea t t r a n s f e r  f o r  a tube 
o f i n f i n i t e  le n g th  (h  ) •
The lo c a l  c o e f f ic ie n t s  o f h e a t t r a n s f e r  f o r  each  t e s t  were
c a lc u la te d  from th e  h e a t g iv en  and Al>t# A i t  was c a lc u la te d
from th e  w a ll  tem p era tu re  and tube su rfa c e  tem p era tu re  cu rves a t
i/D  = 1 ,2 9k f  •• t i l l  ( l /D )^ n and was c o n s id e re d  h^ a t
any tu b e  le n g th  f o r  L /dJ>  (l/ d ) .in*
2# P h y s ic a l P r o p e r t ie s  o f  F lu id s
The p h y s ic a l  p ro p e r t ie s  , p and c f o r  w a ter
and a i r  were tak en  a t  th e  mean b u lk  f l u i d  te m p e ra tu re .
(18)
The d a ta  o f th e se  p ro p e r t ie s  g iv en  by F ishenden  & Saunders 
were p lo t te d  a g a in s t  tem p era tu re  (F igs#  4*5) &rd were used  in  a l l  
th e  c a lc u la t io n s #
3 . R a tio s  o f  Power
The r a t i o s  o f th e  power re q u ire d  f o r  each  tu b e  i n  w hich 
imposed tu rb u len c e  i s  p re s e n t to  th e  power re q u ire d  f o r  th e  co rrespond ing  
c i r c u l a r  tube  w ith  a  long  calm ing s e c t io n  a t  th e  same average c o e f f ic ie n t  
o f h e a t t r a n s f e r  were c a lc u la te d  a s  fo llow s#
The average c o e f f ic ie n t  o f h e a t t r a n s f e r  fo r  th e  tube  in  
which th e  imposed tu rb u len c e  i s  p re s e n t  and fo r  the  co rrespond ing  
c i r c u l a r  tube fo r  th e  same L/D (o r  th e  same h e a te d  su rfa ce  a re a  
in  th e  case  o f th e  Row tu b e )  were p lo t t e d  a g a in s t  v  o r M*
The p re s su re  d ro p , a s  m easured by the  in v e r te d  U -tube , fo r  
each  tu b e  and th e  co rre sp en d in g  c i r c u l a r  tube were a ls o  p lo t te d  
a g a in s t  v o r M*
From th e se  cu rv es  (h -  v  o r M and h^~ v  o r M) th e  power 
(Mxhp) f o r  each tube and i t s  co rresp o n d in g  c i r c u l a r  tu b e  a t  th e  
same c o e f f ic ie n t  o f h e a t t r a n s f e r  was determ ined  and th e  r a t i o  
o f th e s e  powers c a lc u la te d *
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C H A P T E R  V II 
■ S&fflE OP CAICUXATIQH
(A) Calmed Turbulence i n  th e  C ir c u la r  P ipe (Empty tu b e ) .
(T est No* 6 ) .
1 • Average h e a t t r a n s f e r  (betw een L/D = 0 & L/D = 44)
q = 3097 B .T h .U ^ sq .ft^ h r
v (from  th e  v e lo c i ty  gauge re a d in g  and
th e  c a l ib r a t io n  cu rve) = 2*702 f t  . / s e c .
t /0  ^ (from th e  i n l e t  therm ocouple re a d in g )= 59*02 °P
t ^  (from  e q u a tio n  6*2) = 59*92 °P
= ^ .  + t w o ) = 59.47  °F
t  (from  th e  curve) = 66*A °F
sm •
A  t  = t  -  t  = 6*93 °Fsm i o m
h = q / A t  = kbS B .T h .U /( s q .f t ) h r .  F .
( a t  59 .47°F)
K = 0 .3 W  B * T h .U /ft.-h r.°F .
V' = 0.0442 S q . f t . / h r .
P r  =8*01 c o n s is te n t  u n i t s
Nu = 1 0 8 .4  " "
P r0 *2*' = 2 .3  " "
Kv/ E e-0*^’ = 4 7 .2  " "
Re = 18 ,330 " "
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2 • Heat t r a n s f e r  f o r  a tube o f  i n f i n i t e  -leng th  (h  ^ )
o r lo c a l  h e a t t r a n s f e r  fo r  h /P - ^  (l/ d ) ^
(l/ d ) .  = 1 2  in  t h i s  t e s t ,m
t ( a t  L/D = 28 from the cu rv e ) = 5 9 .6  Fhj m
t  ( a t  L/D =28 from th e  cu rve) = 66.85 °Fsm 7
^  t  = t  ; -  t ,  , = 7 .2 5  °Psm m
( a t  5 9 .6  °P)
o.h ^ ^  q /  A t  = 426 . B .T h .U / ( s q .f t . ) h r .  x‘%
K = 0.3449 B .T h .U /f t .h r .° P .
V" = 0.0443 s q . f t . / h r .
P r  = 8  c o n s is te n t  u n i t
H u ^  = 103
P r ° ,lf = 2 . 3
/ ^ r ° ’hr = hb.S  " "
Re = 18 ,300  " "
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3* L ocal c o e f f ic ie n t  o f  h e a t t r a n s f e r  fo r  L /d <. ( i /D ) . ---------   — -------------- -------------- —— --------   xn
i / d = 1 i 2 4 6 8 10 ] 12j
A t  (from  cu rv e ) °P =
I
5.35 6.1 6 .8 7.05 7.15 7.2 |7.25
q B .T h .u X s q .f t) .h r ■= 3097
h^B .Th • U/(sq . f t • )h r .^ F = 579 507.5! A55 439 |W 3 430 426
t t u  (from  cu rve) = 59.15
T~ s q . f t . / h r . = 0.0443
K B .T b .U /f t .h r .° F = 0.3447
P r = 8 ,06
0 .4P r = 2 .305
N u S 139.6 122.6 110 106 11 04 .7 104 103
Niv'Pr0 *2*' = 60.7 53*2 47.7 46 | 45.4 j 45*1 44.65
Hvi/(j?rP*Zl'( l /D )"* ’133 60 .7 ! 58.3 57.5 58.5
1 J
| 59.8(59.8 59.4
Mean o f  N u/(P r^*^) = 58.96
( l / d ) ” *133
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(b ) • P ipe F i t t e d  /with Turbulence Prom oters
(T est No* 23 P i tc h  1 i n  2*31)
1 , Average h e a t t r a n s f e r  (betw een L /P = 0 and L/P = 44)
q .
v  = v  x 1 *063 (v from th e  v e lo c i ty  gaugep © y .
read in g  c a l i b r a t io n  curve)
t  .= (from th e  i n l e t  therm ocouple re ad in g )0j i
t  = (from  e q u a tio n  6*2)<■*-> o
= |- ( t  + t  )1 CP O '
t  = (from  curve) sm '
A t
h
P
t  «. t
sm wm
A t
= 3097 B *Th • U/(sq • f t ) • h r
= 1 .339  f t / s e c .
= 45*85 °I?
= 47*782 °P 
= 46.816 °P 
= 53 .9  ^
= 7 .O84 °F
= 437 B .T h .U / s q . f t ) h r .
°P
( a t  46.816 °P) 
K 
T
P r
Pr.,0.4P
Nu
p
/ 0*4Nu / P r  
P p
Oi3384 B .T h .U /f t .h r .
i - O-jTl
0*0327 s q * f t/h r*
9*7
2i482
107.3
43 .2
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P/D = 2 * 3 1
- 0 .4
(P/D) , P , - = 0 .787
N u ^ / ( P r ^ ° * ^  (p/D )- 10’^  Eep ^  = 55
Re a  VpD = 7*625
\T
0 .4N u ^ P r^  ( a t  Re = 7625 from P i g .9 .6 ) = 23*5
j N u p /( P rp ) 0 * ^ " ( P / D ) ~ ^ RS } / \ = 2 ,3 4
2 . . L ocal c o e f f ic ie n t s  o f  h e a t t r a n s f e r
These were c a lc u la te d  i n  th e  same way a s  f o r  th e  empty tube,
(C) .  Square P ipe
1• Average h e a t t r a n s f e r ,  (betw een L /p 0-  0 and L/P^ = 36)
The c a lc u la t io n s  a re  th e  same a s  i n  (A )-1 .
2 . H e a t t r a n s f e r  f o r  a  tube o f i n f i n i t e  le n g th  (h.r ,/)
The c a lc u la t io n s  a re  th e  same as  i n  (A) " 2 .
3 . L ocal c o e f f ic ie n t  o f h e a t t r a n s f e r
The same s te p s  a s  i n  (A) -  3*
(D ). Row tu b e
1 • Average h ea t t r a n s f e r *  (T est n o . 79)
The average  c o e f f ic ie n t  o f h e a t t r a n s f e r  o f  th e  Row tu b e  
was c a lc u la te d  f o r  a  le n g th  o f  Row tube (2 8 .7  in c h e s )  w hich would 
g iv e  th e  same in s id e  w a ll  su rfa c e  a re a  as  t h a t  o f the  e q u iv a le n t
c i r c u l a r  tube betw een L/D = 0 and l /D  = 36#
q = 22*50 B ,T h .U /( s q .f t) .h r*
= 294*8 lb s /h r*r
t /} . (from  th e  i n l e t  w a te r  therm o 0
1 , couple) = 47*15 F
(from e q u a tio n  6*2) = 50*824 °F
<0 o
o
t  = H  . + t  ) = 48.987 F
*'-*m ^ i
o
t  = sum o f tem p e ra tu re s  o f  th e  therm ocouples = 54*113 F 
8111 No. o f th e se  therm ocouples
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C H A P T E R  V III
HEAT TRANSFER FOR CAIMSD TURBHLMCE IN 
CIRCULAR PIPE
In  s p i te  o f  th e  abundant ex p erim en ta l work which has been 
c a r r ie d  out on h e a t  t r a n s f e r  by co n v ec tio n  from a c i r c u la r  p ipe to  
f l u i d  flow ing tu r b u le n t ly  th rough  i t ,  th e re  a re  s t i l l  some im p o rtan t 
f e a tu r e s  th a t ,h a v e  re c e iv e d  l i t t l e  a t te n t io n *
Calmed o r  Normal Turbulence and D is tu rb e d  o r  Super Turbulence
In  t h i s  t h e s i s ,  th e  calm ed o r normal tu rb u le n c e  r e f e r s  t o  
flow  above th e  c r i t i c a l  v e lo c i ty ,  i n  which no d is tu rb in g  flow  
p a t t e r n  i s  superim posed on th e  norm al fully* developed tu rb u le n t  flow  
i n  a  c i r c u la r  p ip e . D is tu rb e d  o r  su p er tu rb u len c e  r e f e r s  to  d i f f e r e n t  
flow  p a t te r n  which may be imposed a t  th e  jpipe i n l e t  o r a l l  a long  the  
p ipe  le n g th  by a r t i f i c i a l  means such a s  o r i f i c e s ,  o b s ta c le s ,  in d e n ts  
or s p i r a l  forms f i t t e d  in s id e  th e  p ipe 
E f fe c t  o f P ipe Length  on Heat T ra n s fe r
Some in v e s t ig a to r s  have a llow ed  f o r  the  e f f e c t  o f  the pipe 
le n g th  on average c o e f f ic ie n t  o f h e a t t r a n s f e r  b u t so f a r  no 
in v e s t ig a t io n  has y e t  been made on th e  e f f e c t  o f  the  p ipe  le n g th  
on th e  lo c a l  c o e f f ic ie n t  o f h ea t t r a n s f e r  f o r  calm ed tu rb u len ce  
i n  c i r c u l a r  p ipes*
F ilm  o r  Sub-Boundary L ayer v
Most o f  th e  in v e s t ig a to r s  who have a tte m p ted  to  ex tend  
the Reynold* s an alo g y  betw een f l u i d  f r i c t i o n  and h e a t t r a n s f e r > have 
depended on N ikuradse*s r e s u l t s  f o r  v e lo c i ty  d i s t r i b u t i o n  a c ro ss  the
Y u .  *
; >» La f o r  h 
h r  d a o h e - s
T E M P E R A T U R E  D IS T R IB U T IO N  N * A R  T H E  P l P E  W a LL
v a o td s  N um bers: □  MOO; X 10.400; O  23.000; A 30.000 
line represent* an  A djustm ent of the  te m p era tu re  d is trib u tio n  
a* predicted for th is  region by von KArmAn.)
, 8 . 1 .  RESULTS OBTAINED BY SEBAN & SHIMAZAKI
6lf,
f l u i d  flow ing i n  a  s o l id  boundary, w hich in d ic a te  th e  p resence  
o f  th e  sub-boundary la y e r  nex t to  th e  s o l id  w all*
( 29)
M il le r  (1948) commented on N ik u rad se f s r e s u l t s  and 
c r i t i c i s e d  h is  v e lo c i ty  d i s t r i b u t i o n  cu rves n e a r th e  s o l id  w a l l ,  
on th e  grounds t h a t  N ikuradse had a l t e r e d  those  o f h is  ex p erim en ta l 
r e s u l t s  n ea r th e  p ipe vt/all seven  u n i t s  i n  o rd e r to  conform  to  th e  
h y p o th e s is  o f th e  boundary s u b - la y e r ,
(41)
Seban & Shim azaki (1951) c a r r ie d  out u s e f u l  work on 
tu rb u le n t  a i r - f lo w  in  a  s team -h ea ted  smooth tube  to  s tu d y  th e  
tem p era tu re  d i s t r i b u t i o n  i n  a  f u l l y  developed  tu r b u le n t  flo w .
From a  s tudy  o f  t h e i r  tem p era tu re  d i s t r i b u t i o n  cu rves 
th e  p re s e n t w r i te r  su g g es ts  th e  p resence  o f a  lam in a r su b - la y e r  
n ex t to  th e  tube w a ll f o r  th e  fo llo w in g  r e a s o n :-
The ex p erim en ta l p o in tb  o f F ig , 8.1 show s u b s ta n t ia l  
c o n firm a tio n  o f  th e  th e o ry  o f  th e  re g io n  n e a r  th e  w a l l ,  where 
th e  l i n e a r i t y  o f th e  ex p erim en ta l d a ta  ap p ea rs  to  co n firm  th e  
e x is te n c e  o f  a  re g io n  i n  which m o lecu la r conduction  e f f e c t s  a re  
p rep o n d eren t i n  th e  tra n s m is s io n  of h e a t .
I n  th e  case  o f  calm ed o r normal tu rb u le n t  flow ; 
q. 4 A ( tg -  .............. (a )
q = -  )   Cb)
\  &y J  y=0
6 . 5 ,
\
v/here K = c o e f f ic ie n t  o f c o n d u c tiv i ty  i n  th e  la y e r
im m ediately  a d jac e n t to  th e  s o l id  su rfa ce  in to  
which h e a t t r a n s f e r  by pure co n d u ctio n
6 t  = w a te r tem pera tu re  d if f e r e n c e  a c ro s s  th e  f l u i d
f ilm  im m ediately a d ja c e n t to  th e  s o l id  s u r fa c e .
From e q u a tio n s  (a  ) and (h)
h L  = ~K ^ \ 6 y  J y = 0
( t * “  * J >
T h is  e q u a tio n  in d ic a te s  t h a t  th e  lo c a l  c o e f f ic ie n t  o f h e a t 
t r a n s f e r  i s  d i r e c t l y  p ro p o r t io n a l  to  th e  tem pera tu re  g ra d ie n t  e x is t in g  
in  the f l u i d  nex t to  th e  n a i l .
I n  a  f u l l y  developed tu rb u le n t  flow , a f t e r  th e  tem p era tu re  
g ra d ie n t  re a c h e s  a  f i n i t e  c o n s ta n t v a lu e ,  th e n , by R eynold’s  analogy , 
the tem p era tu re  g ra d ie n t i s  p ro p o r t io n a l  to  th e  v e lo c i ty  g ra d ie n t 
fo r  the case where (Pr ) i s  u n i ty  and a d e f in i t e  r e l a t i o n  e x i s t s  
betw een th e  v e lo c i ty  and the tem p era tu re  g ra d ie n t  f o r  o th e r  v a lu e s  
o f P r ,
I n  th e  case  o f  a  tube  w ith  a  long  calm ing s e c t io n ,  th e  v e lo c i ty  
g ra d ie n t rem ains p r a c t i c a l l y  u n a l te r e d ,  b u t th e  tem p era tu re  g ra d ie n t 
v a r ie s  from an i n f i n i t e  v a lu e  a t  th e  e n tra n ce  to  th e  h e a tin g  s e c t io n  
to  f i n i t e  c o n s ta n t v a lu e  a t  a  c e r t a in  d is ta n c e  from th e  e n tra n c e  
s e c t io n ,  and on t h i s  v a r i a t i o n  c o rre sp o n d in g ly  depends th e  l o c a l  
p o in t c o e f f ic ie n t  o f h e a t t r a n s f e r .
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7/hen the tem pera tu re  d i s t r i b u t i o n  i s  uniform  a t  th e  e n tra n ce
to  the tu b e , and th e  v e lo c i ty  i s  no t f u l l y  developed  because o f  the
presence  o f su p er tu rb u le n c e , th e n  b o th  v e lo c i ty  and tem p era tu re
g ra d ie n ts  v a ry  a long  a c e r t a i n  tube le n g th  and hence th e  p o in t
c o e f f ic ie n t  o f  h e a t t r a n s f e r  v a r i e s ,  depending on th e  degree o f
th e  imposed tu rb u len ce#
I t  should  be n o tic e d  th a t  in  th e  case  o f  calmed tu rb u le n t
flo w , fo r  a  g iv e n  flo w  p a t t e r n  (R e y n o ld ^  number) th e  change in  th e
lo c a l  c o e f f ic ie n t  o f h ea t t r a n s f e r  i s  a  p u re ly  th e rm a l phenomenon.
I n  th e  case  o f  super tu rb u le n t  flow , th e r e  i s  an  a d d i t io n a l
f a c to r  to  the  pure th e rm a l phenomenon, th a t  i s ,  th e  v a r i a t i o n  in
tem p era tu re  g r a d ie n t ,  due to  th e  v a r i a t io n  in  th e  v e lo c i ty  g ra d ie n t '
a long  th e  tiibe le n g th ,  u n t i l  a  d e f in i t e  c o n s ta n t g ra d ie n t  i s  a t t a in e d
and hence th e  v a lu e  o f th e  l o c a l  c o e f f ic ie n t  o f h e a t t r a n s f e r  v a r ie s
a lo n g  th a t  le n g th  acco rd ing  to  th e  v a r i a t io n  i n  tem p era tu re  g ra d ie n t
due to  bo th  f a c to r s #  T his can be n o tic e d  from the  r e s u l t s  o f B o e l te r , 
. (7 ) . .(34)
Young cc Iv e rso n  (F ig . 1 .5 )  and from those  o f  Seban & Shim azaki
(F ig . 8 .2 ) .
R e s u lts  o f  L o ca l C o e f f ic ie n t  o f  H eat T ra n s fe r  f o r  Calmed T urbu lence 
The v a lu e s  o f  th e  lo c a l  c o e f f ic ie n t  o f  h ea t, t r a n s f e r  (h^) 
a long  th e  p ip e  le n g th  a re  g iv en  i n  F ig .  8 .3 ,  w hich shows t h a t ,  f o r  
a  d e f in i t e  R eynolds number, th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r  drops 
g ra d u a lly  from  a  co m p ara tiv e ly  la rg e  v a lu e  a t  th e  commencement o f  
th e  h e a te d  s e c t io n  u n t i l  i t  re a c h e s  a c o n s ta n t v a lu e  (which w i l l
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bo co n sid e red  a s  th e  va lue  o f th e  c o e f f ic ie n t  o f h e a t t r a n s f e r
f o r  a p ipe  o f  i n f i n i t e  le n g th ) a f t e r  a  c e r t a in  le n g th  d iam eter
r a t i o  (^ /d ) . •m .
Jl-IPig# 8#3 a ls o  shows th a t  th e  v a lu e  o f ( /D ) . v a r ie sin
w ith  ranges o f  Re a s  th e  fo llo w in g :
(k/D )^n = 10 fo r  Re betw een 27,000 and 43,000
( l /D ) . = 1 2  M " ” 13 .000  " 22,000m  * *
( l/D )  ^  = 1 4  M ” n 4 ,0 0 0  ” 10,000
I n  o th e r  w ords, ( L / D ) i n  w hich th e  i n l e t  th e rm a l phenomenon 
o c cu rs , depends on Reynold1 s number and i t  d e c re a se s  a s  the  l a t t e r  
in c re a se s#
T his can  be a t t r i b u t e d  to  th e  change i n  th e  v e lo c i ty  
g ra d ie n t  w ith  Re s p e c ia l ly  n e a r  th e  p ip e  w all*
C o r re la t io n  o f R ata  o f  th e  L oca l C o e f f ic ie n t  o f H eat T ra n s fe r
A n a ly s is  o f  the  t e s t  d a ta  was c a r r ie d  ou t i n  s tu dy ing  th e  
e f f e c t  o f  th e  le n g th ~ d iam e te r r a t i o  on th e  l o c a l  c o e f f ic ie n t  o f  h e a t 
t r a n s fe r#  The r e s u l t s  o f  t h i s  a n a ly s is  a re  p re s e n te d  i n  Fig# 8*6# 
The, lo c a l  v a lu e s  o f  (Nu-  ^ /P r ^  *^ *) a t  L/D = 1 ,2 ,4 , 6 ,8  and 
10 were p lo t te d  r e s p e c t iv e ly  a g a in s t  Re^ 011 0. lo g  p ap er f o r  Re 
from 3,000 to  43 ,000 Fig# 8*4*
These v a lu e s  a re  d i s t r i b u t e d  a long  two d i s t i n c t  groups o f 
p a r a l l e l  l i n e s ,  th e  groups show d i f f e r in g  in c l in a t io n #  One group 
co v ers  a  range o f  Reynold* s number from 3 ,000  to  8 ,0 0 0 , w hile  th e
68.
o th e r  covers  th e  range from 13*000 to  43*000. Between th e se  two 
ra n g e s , th e  v a lu e  o f Nu^ /  Pr^*^* cannot he re p re se n te d  hy e i t h e r  
group and i t  i s  co n sid e red  a s  a  t r a n s i t i o n  range  •
For th e s e  reasons*  th e  lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r  
f o r  each  le n g th -d ia m e te r  r a t i o  cou ld  he w e ll  re p re s e n te d  hy e q u a tio n s  
i n  th e  form o f
= C (Er ) (ReL)
For 3 .0 0 0 < R e T <1 8 ,000
= 0.0085
0 .4 0 .9 4  
ReT a t  J_i l/ d = 1 • •  •  •  •  4,(8 .1  a )
NuL = 0.00736 w
tt a t l/ d = 2 ,(8 .1 b )
Nul = 0.00641 " u a t i / d  = 4  ........... (8 .1 c )
= 0.00586 ” it a t l/ d = 6 ,(8 .1 d )
Nu^ = 0 .00564 " a t lV D = 8 (8.1 e)
NuL = 0 .0054
1! H a t l/ d = 1 0 ........... , (8 .1 f )
l/ d 1 2 4 6 8 10
va lu e  o f 
C
const.ant O.OO85 0*00736 O.OO641 0.00586 0.00564- O.OO54
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69.
and f o r  6 >  13,000
Nul = 0 .079
0 .675
L a t l/ d = 1
= 0,0698 tt II a t
CMII
S
;
= 0.0639 II 11 a t L/D = if
= 0 .0606 II tl a t L/D = 6
Hu
L = 0.0595
1 II a t u II CD . .  • • • • (8 .2 e )
....... -----------------  _
i / d I 1
I
2 k 6 8
co n sta n t C 0 .079
. —L _______
0.0698 0.0639 0.0606 0.0565
For each  group nam ely, 3>000 <6Re <6.8,000 and Re > 1 3 ,0 0 0  
th e  v a lu e s  o f  c o n s ta n t C were p lo t te d  a g a in s t  L/D on a lo g  
p ap er (F ig . 8 * 3 ), showing t h a t  th e  c o n s ta n t C i s  a fu n c tio n  o f  
the  le n g th  d ia m e te r  r a t i o  l /D .  The two e q u a tio n s  re p re s e n tin g  th e se  
r e l a t i o n s  a r e : -
For 3 9 QQQ< Re^  <  8, 000
C = a co n sta n t (l/ d ) 
F o r ReL>13>000
C = a c o n s ta n t (i/D )
- 0.1  99
-0 .133
0
For L/D >  10
For L/D > 1 0
Hence th e  v a lu e s  N u ^  Pr^* f o r  d i f f e r e n t  le n g th s  were
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Fig. 8.7 Heat Trans fer for a 
Tube o f Infinite. Length 
-  Calmed Turbulence —
-0 .1 9 9  ' -0 .133
d iv id e d  "by (l/D ) fo r  3>000<C.Re^. 8 ,000 and by (l/D )
f o r  Re.3> 13 ,000 , and th e  r e s u l t s  a re  g iv en  i n  Table 6 .
For each t e s t ,  th e se  v a lu e s  w ere found to  be n e a r ly
c o n s ta n t a t  d i f f e r e n t  v a lu e s  o f L/D. I t 'm s  found v e ry  d i f f i c u l t
> , 0 .L  ; -0 .1 9 9  ' . 0 .4 . . -°*
to  p lo t  a l l  v a lu e s  o f  Nu^ /  (Pe^ ) (V o )  o:r ) & /P )
a t  d i f f e r e n t  L/D f o r  each  t e s t  and  th e re fo re  on ly  t h e i r  mean has 
been  p lo t te d  a g a in s t  Re (F ig . 8 .6 ) .
F ig . 8 .6  shows t h a t  th e  lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r  
can be w e ll re p re se n te d  by two eq u a tio n s  o f th e  N u sse lt form .
For 3 ,000 <  ReL <  8 ,000  and i / p  < 1 2
0 .4  0 .9 4  , , T 0 .1 99 s
= 0.0085 P rL........................................................ *.................. ( 8*3 )
For EeT -^ 1 3 ,0 0 0  and l / D < 1 0" J_J ' '' ' r r ' " r ’ ' - r " ’’ '■
0 .4  0.673 -0 .1 3 3
Nul  = 0 .079 P rL ReL (L/D) .(8 .4 )
The lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r  f o r  L/D 3>12, 
t h a t  i s ,  th e  c o e f f ic ie n t  o f a  tube  o f i n f i n i t e  le n g th ,  was p lo t te d  
a g a in s t  Re in  Fig* 8 .7  which g iv e s  th e  fo llo w in g  r e l a t i o n :
Fo r Re >  3 .000 and I /D  > 1 2
0 .4  0.77
Nu = 0^023 P r  Re  * . i ( 8 .5 )L L L
These r e l a t i o n s  have a d i s t i n d t  v a lu e  from th e  p o in t o f
view  o f  re s e a rc h  and o f  th e  d e s ig n  o f  h e a t exchanger, e s p e c ia l ly  
when th e  lo c a l  c o e f f ic ie n t  o f  h ea t t r a n s f e r  or th e  tem p era tu re  
d i s t r i b u t i o n  over th e  tube su rface  a lo n g  th e  le n g th  i s  o f  m ajor 
im portance .
R e la tio n s  betw een Lo c a l C o e f f ic ie n t o f H eat T ra n s fe r  a t  P ipe
E n trance  and th o se  fo p .a  P ipe o f I n f i n i t e  Length
The -w riter subm its t h a t  th e  d e te rm in a tio n  o f 't h e  r e l a t i o n
betw een the lo c a l  c o e f f i c i e n t s  o f  h e a t t r a n s f e r  a t  th e  p ip e  en tran ce
and th o se  f o r  a  p ipe  o f  i n f i n i t e  le n g th  i s  e s s e n t i a l  f o r  p re d ic t in g
th e  l o c a l  v a lu e s  o f  h e a t t r a n s f e r  a t  any pipe le n g th  once the
c o e f f ic ie n t  a t  a  d e f in i t e  le n g th  i s  known*
For 3 >000<  Re <  8 ,000 , and 1 <  L/D <  12
From E quations (8*3) and (8*5)
0 .17  -0 .1 9 9
Eb^ = Nu Re (L/D)  (8 .6 )
For Re 2 > 1 5 ,000 and 1 <  L/D <  1 2
From E q u a tio n s  (8*4-) and (8 .5 )
-0 .0 9 5  -0 .133
Nu^ = -^ Tqo (k/E>)  (8 .7 )
Com parison w ith  D ata o f  o th e r  I n v e s t ig a to r s
W ith th e  e x c e p tio n  o f  A r a b i * w o r k ; ,  th e re  a re  no 
known a v a i la b le  r e s u l t s  f o r  th e  l o c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r
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a t  th e  i n l e t  o f  th e  h e a te d  p ipe  i n  th e  oase o f  calmed tu rb u le n t
(4)
f lo w . M oreover A rab i c a r r ie d  out h is  experim ents w ith in  a
l im i te d  range o f Reynolds number ( 5 * 0 0 0  to  1 7 * 0 0 0 ) .
The su rfa ce  and w a te r  te m p e ra tu res  along th e  p ipe le n g th
on ly  were g iven  i n  h is  t h e s i s .  The p re se n t w r i t e r  had to  c a lc u la te ,
th e r e f o r e ,  the  lo c a l  v a lu e s  o f Nu, P r  and Re a t  th e  i n l e t  o f
(4)
th e  h ea ted  pipe ; th e se  a rc  g iv en  i n  Table . Arabi* s
d a ta  have been  p lo t t e d  i n  Pig# 8*6, and i t  can be seen  th ey  a re  
i n  good agreement w ith  th e  p re se n t w r i t e r fs r e s u l t s .
I n  the case  o f th e  p ipe  o f  i n f i n i t e  le n g th , th e re  a re  more 
a v a i la b le  data, i n  th e  p rev io u s  work f o r  compari son .
(4) (9)
The r e s u l t s  o f  A m bi , C h o le tte  and B o e l te r ,  Young &
(7) ■
I v e r s e n  f o r  a  p ipe  o f  i n f i n i t e  le n g th  were p lo t t e d  to g e th e r  
w ith  th e  p re s e n t w r i te r* s  r e s u l t s  in  P ig .  8 .8 , which in d ic a te s  a
w
v e ry  good agreem ent i n  th e  case o f A m b i and a d i f f e r e n t  o f
(9) ' (7)
abou t 1C^ i n  th e  case  o f  C h o le tte  and B o e lte r , Young and. Iv e r s e n  .
' (4)
T h is  d i f f e r e n c e ,  however, m ight w e ll  be e lim in a te d , a s  A rab i has 
e x p la in e d , i f  a llow ance i s  made fo r  th e  change i n  th e  v i s c o s i ty  a t
0 . 1  A
b o th  surfa.ce and f  lu id  te m p e ra tu re s  by th e  group ( /  c / ,  )
(43)
a s  su g g ested  by S ie d e r  and Ta.te •
73.
C H A P T E R  IX 
TURBULENCE PROMOTERS
Much p re v io u s  work has b een  c a r r ie d  ou t to  in c re a s e  th e  
r a t e  o f h e a t t r a n s f e r  by co n v ec tio n  b o th  in s id e  and o u ts id e  p ip e s .
I n  th e  case  o f  f l u i d  flow  in s id e  p ip e s , such in c re a se  can 
be ach iev ed  by in c re a s in g  th e  degree  o f  tu rb u le n c e  by d i s t r ib u t in g  
th e  s o -c a l le d  ”la m in a r boundary l a y e r ” • T h is co u ld  be a t ta in e d  e i t h e r  
by v a r io u s  e n try  c o n d it io n s , in s e r t in g  gu ide vanes and 
s p i r a l l y  tw is te d  s t r i p s  a t  e n try  o f p ip e  under t e s t ,  o r
(2) by in s e r t in g  c e r ta in  ty p e s  o f  prom oters in s id e  the  whole 
le n g th  o f th e  p ip e  under t e s t ,  such a s  c y l in d r ic a l  c o re s , s p i r a l l y  
tw is te d  w ire s  and s p i r a l l y  tw is te d  s t r ip s #
The d iffe re n c e  between (1) and (2) i s  a s  fo llow s#
I n  th e  f i r s t  c a s e , such e x tra  tu rb u le n c e  i s  lo c a l  to  th e  tube i n l e t ,  
g r a d in l ly  d i s s ip a t in g  some d is ta n c e  down s tream . As a r e s u l t ,  the 
r a t e  of h ea t t r a n s f e r  p ro p o r t io n a l ly  in c re a s e s  a lo n g  th e  le n g th  as  
f a r  a s  su p e r- th rb u le n e e  e x is ts #  A f te r  th a t  p o in t th e  r a t e  o f  h e a t  
t r a n s f e r  i s  th e  same a s  th a t  f o r  a  tube  o f i n f i h i t e  le n g th  i n  th e  
case  o f  calmed tu rb u le n c e , T h is method o f in c re a s in g  th e  r a t e  o f 
h e a t t r a n s f e r 1 i s  u s u a l ly  e f f e c t iv e  on ly  w ith  p ip e s  having  co m parative ly  
sm all le n g th  d ia m e te r  r a t i o .
I n  th e  second c a se , th e  c o n d itio n s  a re  v e ry  d i f f e r e n t ,  
s in c e  su p er tu rb u le n c e  o b ta in s  a lo n g  th e  whole le n g th  o f th e  p ip e .
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Hence th e  r q te  o f lie a t  t r a n s f e r ,  in c re a s e s  a lo n g  th e  -whole le n g th  
o f  th e  p ipe under te s t#
Experim ents under th e se  c o n d it io n s , i# e .  w ith  th e  in c re a se  
o f  th e  r a t e  o f h e a t t r a n s f e r  a lo n g  th e  whole p ip e  le n g th  have "been 
few , and l im i te d  to  gas only# I n  th e  case  o f  l iq u id s  th e  only  
work o f w hich th e  w r i te r  i s  aware i s  t h a t  c a r r ie d  o u t hy Nagaoka
( 3 1 )
& H atam be on w a te r-flo w  th rough  a c i r c u l a r  p ipe  f i t t e d  w ith
sp ira lly -w o u n d  w ire  •
R e s u lts  o f  the s p i r a l  p rom oters
The e f f e c t  o f  su p e r tu rb u le n c e  c re a te d  by s ix  s p i r a l l y  
tw is te d  b ra s s  s t r i p s  (each  having  a d i f f e r e n t  p i tc h :  v is # ,  1 i n  2 . 31, 
1 in  2#64, 1 i n  3*6, 1 in  5*445, “I in  9*6 and 1 in  14*4 ) on h e a t 
t r a n s f e r  and p re s su re  drop  was in v e s t ig a te d #  The r e s u l t s  o b ta in e d  
a re  g iv en  i n  T ab les 7*8 ,9 ,10*
L ocal c o e f f ic ie n t  o f  h e a t t r a n s f e r
The lo c a l  c o e f f ic ie n t s  o f  h e a t t r a n s f e r  a long  the p ip e  le n g th  
f o r  the s ix  prom oters used  a t  d i f f e r e n t  v e lo c i ty  ran g in g  from .as 0*03 
to  7 f t / s e c . ,  we he c a lc u la te d  a s  p re v io u s ly  ex p la in ed  in  C h ap ter V II . 
The r e s u l t s  o.re g iven  i n  Table 8 . These v a lu e s  were p lo t te d  a g a in s t  
th e  le n g th  d ia m e te r  r a t i o  (F ig . 9*1) which shows 
(1 ) th a t  th e  lo c a l  c o e f f ic ie n t  o f h e a t t r a n s f e r  f o r  each  t e s t  
decreased  a long  th e  p ip e  le n g th  u n t i l  i t  re a ch e s  a  d e f in i te  va lue  
a f t e r  a  c e r t a in  va lue  o f (l/ d ) ^  from the b eg in n in g  o f  th e  h ea ted  
s e c t io n .
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(2) t h a t  th e  v a lu e  o f (L /d) d e c re a se s  as the v e lo c i ty
in
in c re a s e s  o r  th e  p i tc h  d e c re a se s . For example, fo r  th e  prom oter 
o f p i tc h  1 i n  2.3"1 ( i / D ) ^  = ^ when th e  v e lo c i ty  o f flow  = 6.9*1 
f t  . / s e c . ,  and (L/D)_^n ' = 28 f o r  prom oter o f  p i tc h  1 i n  a t
v e lo c i ty  = 0 .069 f t / s e c .
(3) th a t  th e  lo c a l  c o e f f ic ie n t  o f h e a t t r a n s f e r  a t  the i n l e t  
o f  th e  pipe d ro p s sh a rp ly  b e fo re  i t  a t t a i n s  a  c o n s ta n t v a lu e  in  
ca.se o f  sh o rt p i tc h  and h ig h  v e lo c i ty ,  and l e s s  sh a rp ly  a s  th e  
v e lo c i ty  d ec rea se s  and the  p i tc h  in c re a s e s .
Average C o e f f ic ie n t  o f  Heat T ra n s fe r
The. average c o e f f ic ie n t s  o f h e a t  t r a n s f e r  f o r  b o th  the 
empty tube  and th e  s p i r a l  prom oters o f  th e  s ix  d i f f e r e n t  p i tc h e s  
were p lo t te d  a g a in s t  th e  v e lo c i ty  o f  flow  on log  p a p e rs  in  F ig s .  9*2, 
9 .3 , which show
(1) th a t  f o r  th e  em pty ,tube the  average  c o e f f ic ie n t  o f h e a t
tra in s fe r  betw een v  = 0*7 f l/s e c *  and v  = 7 f t / s e c .  co u ld  be
re p re s e n te d  by an equo .tion  o f  th e  form
« n  h = C v
b u t betw een v  = 0 .3  and v  = 0*7* the  r e s u l t s  l i e  on a curve which
i s  no t easy  to  r e p r e s e n t  by a sim ple eq u a tio n . Then, f o r  v  <^0.3
f t / s e c j  th e  r e s u l t s  could  a g a in  be R ep resen ted  by an  e q u a tio n  o f
th e  form n
h = C1 v  1 ,
(2) th e  r e l a t i o n  betw een th e  average c o e f f ic ie n t  o f h e a t
t r a n s f e r  and v e lo c i ty  o f flow  cou ld  be re p re s e n te d  in  th e  form
over th e  employed range o f  th e  v e lo c i ty  f o r  th e  prom oters o f  
p i tc h e s  1 i n  2.3* “1 in  2*64- and 1 i n  3*6, f o r  v > 0*13 f t^ s e o .  
f o r  prom oter o f  p i tc h  1 i n  5«4* fo r  v  >>0*2 f t / s e c .  f o r  prom oter 
o f p i tc h  1 i n  9*6 and f o r  v  J> 0 .2 2  f t / s e c *  fo r  prom oter o f  p i tc h  
1 in  14*4.
The v a lu e s  o f  C and n  a re  d i f f e r e n t  fo r  th e  d i f f e r e n t
p itc h e s*
by u s in g  th e  p rom oters may be ex p la in ed  a s  fo l lo w s .
Due to  the  e d d ies  s e t  up by th e  p ro m o te rs , the  lam in ar flow  ’ 
i s  broken up in to  tu rb u le n t  a t  low er v e lo c i ty  compared w ith  t h a t  o f  
th e  empty tube and  depending on th e  prom oter p itc h *
On th e  o th e r  hand f o r  th e  same mass flow  th e  p a th  le n g th  
o f  each  elem ent o f  th e  f l u i d ,  e s p e c ia l ly  th o se  n e a r  th e  p ipe  m i l ,  
in c re a s e s  a s  th e  p i tc h  decreases*  The in c re a s e  o f  the p a th  le n g th  
co u ld  be re p re s e n te d  in  th e  fo llow ing  r e l a t i o n
h = Cvn
The in c re a s e  i n  the  average c o e f f ic ie n t  o f  h e a t t r a n s f e r
(9.1)
where L = p a th  le n g th  f o r  prom oter w ith  p i tc h  p
L = p a th  le n g th  f o r  empty tube
C c irc u m fe re n tia l  le n g th  o f  the  p ipe  = 7®
D = in s id e  p ipe d iam e te r
which means th a t  each elem ent comes in to  c o n ta c t w ith  a  g r e a te r  
number o f  p a r t i c l e s  (depending on the prom oter p i tc h )  th a n  in  th e  
case  o f empty tu b e , and hence p ro p o r t io n a l ly  in c re a s e s  th e  
tra n sm is s io n  o f  h e a t .
To determ ine  th e  most e f f e c t iv e  range o f mass flow  o r 
v e lo c i ty  i n  th e  case  o f  prom oters a s  f a r  a s  th e  average r a t e  o f 
h e a t  t r a n s f e r  i s  concerned , th e  r a t i o  between th e  average c o e f f ic ie n t s  
o f  h ea t t r a n s f e r  f o r  each prom oter and th o se  o f  th e  empty tube a t  
th e  same v e lo c i ty  were c a lc u la te d  from h a g a in s t  v  cu rves and 
p lo t te d  in  D ig. 9*3 which in d ic a te s
(1 ) th a t  th e  average c o e f f ic ie n t  o f h e a t t r a n s f e r  f o r  each
p rom oter, compared w ith  th a t  o f th e  empty tu b e , in c re a s e s  g ra d u a lly  
w ith  th e  in c re a se  o f  th e  v e lo c i ty  u n t i l  i t  re a c h e s  a maximum v a lu e
a t  th e  v e lo c i ty  o f  which th e  flow  in  th e  empty tu b e  becomes t r a n s ie n t  
(Re 2 ,0 0 0 ), th e n  th e  average  c o e f f ic ie n t  o f  h e a t t r a n s f e r  d e c re a se s  
u n t i l  th a t  v e lo c i ty  a t  w hich th e  c o e f f ic ie n t  o f h e a t  t r a n s f e r  f o r  
th e  empty tu b e  fo llo w s  th e  lows o f  h e a t t r a n s f e r  by tu rb u len c e  
(h  = o'V'1' ) and th e n , a s  th a t  v e lo c i ty  in c re a s e s ,  th e  r a t i o  of h e a t 
t r a n s f e r  d e c re a se s , b u t l e s s  r a p id ly  thorn b e fo re
(2 ) th a t  a t  any mass flow  th e  sm a lle r  th e  p i t c h  th e  g r e a te r
th e  in c re a se  o f  th e  average  c o e f f i c i e n t  o f h e a t t r a n s f e r
(3) th a t  th e  in c re a s e  i n  th e  c o e f f ic ie n t  o f  h e a t  t r a n s f e r  i s
p r a c t i c a l l y  n e g l ig ib le  f o r  p rom oters  o f  co m p ara tiv e ly  long  p i tc h e s
Fig. 9. 4. Variations o f hf With
Velocity.
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I in 2- 64  
I in 3.6  
I in 5.445.
I in 9.6 
I in 14.4
<
4
Velocity x io~' ft / sec.
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(P itch . 1 i n  14»4 and 1 in  9*6) e s p e c ia l ly  a t  a  v e lo c i ty  g r e a te r
th an  0*8 f t / s e c .  (R ear 5*000)
Comparison betw een P re ssu re  Drop and Heat T ra n s fe r
The r e s u l t s  o f  th e  p re s su re  drop  b o th  f o r  empty tu b e  and
prom oters a re  g iven  in  T ables 4*7*9 and wore p lo t te d  in  F ig .  9*4*
a g a in s t  th e  v e lo c i ty  o f flow .
The cu rv es  show th a t  th e  prom oters in c re a s e  th e  p re s su re  
drop a t  any mass flow , and th a t  th e  sm a lle r  th e  p i t c h  th e  g r e a te r  
th e  in c re a s e  i n  th e  p re s su re  d ro p .
I n  th e  case  o f  p ipe f i t t e d  w ith  prom oters and o f  empty tu b e , 
by re s p e c tiv e  com parison betw een th e  in c re a s e  o f  th e .a v e ra g e  
c o e f f ic ie n t  o f  h e a t t r a n s f e r  and p re s su re  drop a t  th e  same v e lo c i ty  
o f  flow , i t  i s  ap p aren t t h a t  fo r  any p i t c h ,  th e  in c re a se  r a t i o  i n  
th e  p re ssu re  drop i s  g r e a te r  th a n  th e  in c re a s e  r a t i o  i n  th e  average  
c o e f f ic ie n t  o f  h e a t t r a n s f e r  a t  any v e lo c i ty  o f  flow*
The w r i t e r  does no t c o n s id e r , how ever, t h e ' d i r e c t  com parison 
betw een h e a t  t r a n s f e r  and p re s su re  drop a t  th e  same v e lo c i ty  o f flow  
o r th e  same r a t e  o f h e a t t r a n s f e r  a s  th e  d e c is iv e  method o f  
d em o n stra tin g  th e  ad v an tag es  o r d isad v a n ta g es  o f u s in g  tu rb u le n c e  
prom oters ii
I
Q J
£
5
cO
-O
4
b
fi
II
£
I
. o§
£
I
I
c£
y i
¥\
I in 231 
I in 234 
I in 3-6 
I in 5-445 
I in 9-b
/ in 14-4
h B.Th.U./ff2.hr°F:
Fio. 9.5. Savina of  Power With Promoters
o f Different Pitches.
The Ef f e c t  o f  Prom oters on Power a t D if fe re n t  C o e f f ic ie n ts  
o f  Heat T ra n s fe r
A ll  the  in v e s t!g o .to rs  who had s tu d ie d  th e  e f f e c t  o f  ‘ 
p rom oters on power had p lo t te d  th e  v a lu e s  o f the  power re q u ire d  
to  keep th e  f l u i d  flaw ing  a g a in s t  c o e f f ic ie n t  o f h e a t t r a n s f e r ,  
f o r  bo th  th e  empty tube and the tube  f i t t e d  w ith  p ro m o te rs .
The p re se n t w r i t e r  would subm it, however, t h a t  th e  p lo t t in g  
o f  th e  r a t i o  o f power f o r  each prom oter to  t h a t  of th e  empty tu b e , 
in s te a d  o f th e  p lo t t in g  fo r  power on ly  i n  each c a se , i s  h a n d ie r  
because i t  g iv e s  a d i r e c t  in d ic a t io n  o f sav ing  power f o r  each 
prom oter a t  any c o e f f ic ie n t  of h e a t t r a n s f e r .
The r a t i o s  betw een th e  power o f  each  prom oter and th a t  o f  
th e  empty tube a t  d i f f e r e n t  c o e f f ic ie n t s  o f  h e a t t r a n s f e r  were 
c a lc u la te d  from th e  h  a g a in s t  v(F ig*  9*3) and h^ a g a in s t  v  
(F ig . 9 .4 ) cu rves and a re  g iven  in  T ab le  10 . These r a t i o s  were 
p lo t t e d  a g a in s t  th e  average  c o e f f ic ie n t  o f h e a t t r a n s f e r  i n  F ig . 
9*3* from which i t  can  be seen  th a t  .
(1) th a t  th e  s m a lle r  th e  p i tc h  th e  g r e a te r  th e  power saved fo r  
a l l  v a lu e s  o f  th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r
(2) th a t  a t  a co m p ara tiv e ly  low v a lu e  o f  th e  c o e f f ic ie n t  o f 
h e a t t r a n s f e r  v e ry  c o n s id e ra b le  amount o f  power co u ld  be saved by 
u s in g  a  prom oter hav ing  co m parative ly  sm all p i t c h
(3 ) th a t  f o r  each  prom oter th e re  i s  a  maximum l im i t  o f  th e
c o e f f ic ie n t  o f  h e a t t r a n s f e r  and hence f o r  th e  v e lo c i ty  o f  flow  
i n  w hich power cou ld  he saved . The l im i t  fo r  each  prom oter i s  g iv en  
i n  the fo llo w in g  t a b l e ;
P i t c h  o f prom oter Maximum l im i t  o f  h 
B .T h .U /( s q .f t ) h r .° P
•Maximum l im i t  o f  v e lo c i ty  
f t / s e c .
1 i n  2.31 660 3 .0  I
1 i n  2#64 470 3 .0
1 in  3 .6 350 1 .4
1 in  5.445 195 0 .6 4
1 i n  9 .6 135 0 .47
1 i n  14*4 —
■
(4 ) t h a t  w ith  -prom oters o f  p i tc h  1 i n  1 4 .4  th e re  i s  p r a c t i c a l ly  
no sav ing  i n  power a t  any v a lu e  o f  th e  average  c o e f f ic ie n t  o f  h e a t 
t r a n s f e r  i n  th e  a v a i la b le  range o f  the exp erim en ts  and hence th e  
w r i t e r  does n o t recommend th e  use o f a  s p i r a l  prom oter o f the  form 
used  i n  t h i s  work w ith  a  p i t c h  g r e a te r  th a n  1 in  9 f o r  a  tu b e  o f  
1 in ch  in s id e  d ia m e te r .
C o r re la t io n  of. Average C o e f f ic ie n t  o f Heat T ra n s fe r  fo r  P rom oters 
o f  D if f e re n t  P i tc h e s
I n  s p i te  o f th e  f a c t  t h a t  C ir c u la r  p ip e s  f i t t e d  w ith  s p i r a l  
p rom oters a re  w id e ly  u sed  i n  some p a r t s  o f h e a t ex ch an g e rs , th e
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Y /rite r lias no t been  a b le  to  t r a c e  i n  th e  a v a i la b le  l i t e r a t u r e  any 
th e o r e t i c a l  o r  e m p ir ic a l  eq u a tio n  on w hich one cou ld  s a f e ly  
c a lc u la te  th e  average c o e f f ic ie n t  o f h e a t t r a n s f e r  o r  d e s ig n  a 
h e a t exchanger c o n ta in in g  c i r c u l a r  p ip e s  f i t t e d  w ith  th a t  type 
o f  prom oter#
The r e s u l t s  i n  th e  case o f  th e  empty tu b e  and the tube 
f i t t e d  w ith  p rom oters o f  the  s ix  d i f f e r e n t  p i tc h e s  were c a lc u la te d  
and grouped in  form s o f N u sse lt number (hD /li), P ra n d t l  number 
(c /^ /l t)  and R eynolds number (vD/'if) and a re  g iv en  in  T ab les  ^ 7 .
Nu/Pr^*^* a g a in s t  Re 'were p lo t te d  f o r  b o th  th e  empty 
tube and th e  prom oters o f  th e  d i f f e r e n t  p i tc h e s  in  P ig s  9»69 9 .7  
and 9#8 w hich show th a t  th e  r e l a t i o n  betw een th e  c o e f f ic ie n t  o f 
h e a t t r a n s f e r  and Reynolds number f o r  each prom oter and f o r  th e  
empty tube  co u ld  be re p re s e n te d  over a  wide range  o f  Reynolds 
number w ith  an e q u a tio n  o f  th e  form su g g ested  by N u sse lt#
■ m a
Nu = c P r  Re
p P P
where c and  n  have d i f f e r e n t  v a lu e s  fo r  each  prom oter#
P o r p i tc h  1 i n  2 #31 and Re „i> 300------------  p -- ------------------
0 .4  0.495
Nu = 0 .5 3 4  P r  Re  (9 .2 a )
P P P
Por p i tc h  1 i n  2 #64 and Re^-d^ 300
n ) 0#5
Nu = 0 .439  P r  Re . . * . * ( 9 . 2b)
P P P
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For p i t  oh 1 in  3*6 arid Re^ ->  300
0 .4  0 .526
Nu = 0.31 P r  Re .....................(9 .2 c )
P P P
For. p i t c h  1 in  5 .445 and Re 3> 800
i r  —
0 .4  0.605
Nu = 0 .137 P r Re  .(9 .2 d )
P p P
Por p i to h  1 i n  9 .6  and Re > 1 ,0 0 0--------     p------ z-----
0 .4  0*645
Nu = 0.0903 P r Re   (9 .2 e )
P P , P
For p i tc h  1 i n  14<>4 and Re^ >  1 ,200
0.4  0.66
Nu = 0 .0704 P r  Re   (9 .2 f )
P P P
For th e  empty tube  and Re J>  4>000
0 .4  0 .7 7
Nu = 0.025 P r Re  . ( 9 .3 )
E f fe c t  p f  the  p i tc h  diaroetefr ra t i .o  (3?/D) on Heat T ra n s fe r
, 0*4The v a lu e s  o f  Nu / P r  a t  d e f in i t e  v a lu e s  o f  Re
P P P
f o r  th e  prom oters o f  d i f f e r e n t  p i tc h e s  were found from (N u /P r  *^)
V p
Re^ curves and a re .  g iv en  i n  Tahle 7 .  These v a lu e s  o f
log(N u /Pr^*^") Y/ere p lo t te d  a g a in s t  log (p /D ) ir i  F ig .  9.9* which 
P P
shov/s th a t  f o r  each  va lu e  o f  Rep> N u^/Pr^*^ c an  he re p re se n te d  
hy a s t r a ig h t  l i n e  and hence hy an e q u a tio n  o f th e  form
oo
r o
r\j
ro
o
0
- O
£
a j
G ?
c
b
(S
eo■ b
u j
O
o <
d - '
l l
t oi *[(“-)%■]]
e
\  0 
r t
L 1\B©
V
v p
-SA
—  't -rr> v0 VO a  ^h Q1
rsi r\i rf) tf) CN S
■£ . £ . £ . £  . £  .C
£
e x
t . 4-
N.
-O i> 0 + o <3
O
CO
10
N
ro
o
00
10
^1
</}c
P4
-L-.>
o
$
l c5‘
. 8
_ D
£
6
8
4
1
s c :
C j
%
I4§ c
,* >  X  
O v  ^
G \
,C f\1^
(VI
N c\jO  oo SO vt- (\J O
0 .4
Nu / p r  = c o n s ta n t (p /D )n
P P
As th e se  l in e s  a re  n o t p a r a l l e l  th e  exponent n  assumes 
a  d i f f e r e n t  v a lu e  f o r  each v a lu e  o f  Rep a s  in  th e  fo llo w in g  t a b l e .
Re
P
30,000 20,000 14,000 8,000 6,000
i 
.
! 
P*
 
o 8 2 ,000  j
n -0 .1 7 4 !
---------------
-0 .2 0 2 -0.221 -0 .293
---------------
-0 .323 -0 .3 7 9 -0 .4 3 6  |
i
To determ ine th e  e f f e c t  o f  Rep on th e  exponent n , th e  
v a lu e s  o f  lo g ( -n )  were p lo t te d  a g a in s t  log  Re^ • Pig# 9 .1 0 , 
shows th a t  th e s e  v a lu e s  a re  re p re se n te d  by a s t r a ig h t  l i n e ,  hence 
g iv in g  th e  fo llo w in g  r e l a t i o n
- 0 .4  
h  = ~ 1 0 .4  Re
P
( 9 . 4 - )
The w r i t e r  in tro d u c e s , th e r e f o r e ,  a  new d im en s io n le ss
- 0 .4
group (p/ d ) r a i s e d  to  th e  power ( -1 0 .4  Rep ) to  the form o f 
e q u a tio n  su g g ested  by R u sse It fo r  c i r c u l a r  p ip e s  to  c o r r e la te  
th e  d a ta  o f th e  p ro m o ters .
0 .4
/ The w r i t e r  h as  a c c o rd in g ly  c a lc u la te d  Nu / (P r )
-0*4  v  p
( ( p /D ) ~ ^ #^ * ^ ep ) f o r  a l l  th e  t e s t s  on th e  prom oters and p lo t te d
them a g a in s t  Re^ on a lo g  p a p e r .
P ig , 9.11 shows t h a t  a l l  th e  r e s u l t s  f o r  th e  s ix  prom oters
a re  w e ll  re p re s e n te d  by th e  fo llo w in g  e q u a tio n .
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Fig. 9. IS. Average Coefficient o f Heat 
Transfer Emptu Tubes o f  Dif ferent
© Kirov & Wall- 
x Colburn $ King.
F or W ater and Re 3,00
0 .4  0.352 ~ 1 0 .4 R e “°*2f
Nu = 2 .4  P r  Re (p/ d ) p   (9 .5 )
P P P
W ith maximum v a r ia t io n  i  10fo,
Comparison w ith  D ata o f  O ther In v e s t ig a to r s  on A ir
To t e s t  th e  v a l i d i t y  of e q u a tio n  (9 .5 )#  th e  w r i t e r  worked
(10) (23 ) 
out th e  d a ta  o f  C olburn & King , and K iro v  and W all on
a i r  flow ing  in  c i r c u l a r  p ip e s  f i t t e d  w ith  s p i r a l l y  tw is te d
prom oters o f d i f f e r e n t  p itc h e s#  T h e ir work i s  d e sc r ib e d  in
C hapter IV , and th e - r e  s u i t s 'c a l c u l a t e d  i n  fhe  forms o f '
Nu /  (P r? #2f) ( (F/D)~1 Pop *^ ") and Re , a re  g iven  i n  Table 7 .P P P
These r e s u l t s  to g e th e r  w ith  th o se  o f  th e  p re s e n t w r i te r
were p lo t t e d  In  F ig . 9*12, and in d ic a te  th a t  th e  r e s u l t s  o f  b o th  
(10) (23)
C olburn  & King and K irov  & W all , f o r  a i r  can be re p re s e n te d
by a s t r a ig h t  l in e  p a r a l l e l  to  th a t  l i n e  which r e p re s e n ts  th e
p re se n t w r i te r * s  r e s u l t s  on w a te r , b u t b e in g  some h ig h e r .
F o r a i r
Nup = 3 .h  Re°*352 (P /D )-10,21-EeP . . . . ( 9 . 6 )
The p re s e n t  w r i te r  a ls o  c a lc u la te d  th e  d a ta  o f  th e
(10) (23)
empty tube f o r  b o th  C olburn & K ing and K irov  & W all
, 0 .4i n  th e  forms o f  Nue/ P r e and ReQ and p lo t te d  th e m | to g e th e r  
w ith  h i s  r e s u l t s  on w a te r  i n  F ig i 9#13> which shows t h a t  th e  
r e s u l t s  o f  a i r  a re  ab o u t 45/^ h ig h e r th a n  th o se  on w a te r .
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I t  i s  su g g ested , th e r e f o r e ,  t h a t  a  g e n e ra l c o r r e la t io n  
can  be o b ta in ed  f o r  b o th  a i r  and w a te r  under d i f f e r e n t  c o n d itio n s  
by p lo t t in g  th e  r a t i o  betw een th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r  
fo r  th e  p rom oters and th o se  o f  th e  empty tube a t  th e  same Reynolds 
number. These r e s u l t s  a r e  g iven  i n  T ab le  7 .*  &nd were p lo t t e d  on 
a lo g  p a p e r i n  R ig . 9.14? showing th a t  th e  r e s u l t s  a re  w e ll  
re p re se n te d  by a s t r a ig h t  l i n e ,  and hence by the  fo llo w in g  eq u a tio n
r  - 0 . 4  - 0 .4  -1 0.4Re*"0# "^
Nu = 8 4  Nuq j P r ^ / P r J  Re (p /d ) . . • ( 9 . 7 )
W ith maximum v a r i a t i o n  £ 15^.
The terra  (P rp/P r^ * ^ "  i s  eq u a l to  u n ity  f o r  g a se s , a s  P r  
i s  c o n s ta n t o v e r a  w ide ran g e  o f  tem p e ra tu re  and hence,
For g ases  ' q , ;
- 0 .4  -1 0 .4  Re~ '
Nup = 84 Nuq Re (p/ d)  (9 .8 )
E q u a tio n  (9 .8 )  co u ld  a lso  be u sed  f o r  w a te r , i f  the  mean 
bulk: te m p e ra tu res  o f  water* a re  n e a r ly  eq u a l f o r  b o th  th e  empty 
tube and th e  tube  f i t t e d  w ith  th e  p ro m o te rs .
The s ig n if ic a n c e  o f  e q u a tio n  ( 9 . 7 )  i s  th a t  i t  r e p re s e n ts  
c o r r e la te d  d a ta ,  co v erin g  a wide range  o f  v a r ia b le s .  These 
v a r ia b le s  a re  g iv en  i n  th e  fo llo w in g  t a b l e .
I n v e s t -  
. ig a to r
b
inche s i / d p / d E lu id
F lu id  bu lk  
temp °F
E n try  
Cond* s
---------  —!
T ra n s fe r
CondiHbns
C olburn  & 
(10) 
King *
2 5 / s i3*7 2,66 A ir from 250 
to  600
w ithout.
calm ing
s e c t io n
C ooling
K irov  & 
W a l l ^
2 .7 4 4 61
2 ,5 4  & 
5*1 A ir from 900 
to  1300
C ooling
P re se n t
w r i t e r
1 44
2 .3 1 ,2 , 
.3 .6 ,5 .4
9*6 anc
14*4
,64#
£
from 40 
to  63
w ith  lo r
calm ing
s e c t io n
g
H eating
The p re se n t w r i t e r  d id  no t in c lu d e  th e  r e s u l t s  o f Evans 
• (16)
and S a r ja n t  because o f  in s u f f i c i e n t  d a ta  i n  t h e i r  p ap e r fo r  
th e  c a lc u la t io n  of th e  d irnension less  groups (Nu, P r  and. R e ),
37,
C H A P T E R  X
HEAT TRANSFER FOR THRBUIPHT FLOW IN THE SQUARE PIPE
Secondary Plow in  A sym m etrical C onduits  
(38)
Rouse h as e x p la in ed  th e  e f f e c t  o f th e  p ipe  shape 
on th e  f l u i d  v e lo c i ty  d i s t r i b u t i o n  a s  fo l lo w s :-  ’’Q uite  d i s t i n c t  
from th e  secondary p a t te r n  o f the  v e lo c i ty  f lu c tu a t io n s  i n  
tu rb u le n c e  i s  a  type  o f  secondary movement r e s u l t in g  from Asymmetry 
o f  co n d u it b o u n d a rie s . So long  a s  th e se  b o u n d aries  a re  su rfa c e s  
o f  r e v o lu t io n ,  th e  en c lo sed  flow  m ust be p e r f e c t ly  sym m etrical abou t 
th e  lo n g i tu d in a l  a x i s ,  w ith  th e  p o s s ib le  e x c e p tio n  of in te r m i t te n t  
p e n d u la tio n  o f th e  wake downstream from an  ab ru p t en la rg em en t.
Such symmetry may be d e s tro y e d , how ever, i n  two d i f f e r e n t  w ays; 
e i t h e r  by changing th e  shape o f  th e  c r o s s - s e c t io n  o r  by cu rv ing  
th e  a x is  o f th e  c o n d u it .  E i th e r  m o d if ic a tio n  w i l l  r e s u l t  i n  a  
form o f  seoondary flow  th a t  rem ains independent o f  tim e so long  
a s  th e  mean m otion  i t s e l f  i s  Steady# But i t  i s  th e n  ev id en t t h a t  
th e  tem pora l mean v e lo c i ty  vector must be th e  r e s u l t a n t  o f  p rim ary  
and secondary components# I f  th e  p rim ary  flow  i s  c o n sid e re d  
e s s e n t i a l l y  lo n g i tu d in a l ,  i t  i s  a p p a ren t t h a t  th e  secondary  flow  
must tak e  p la c e  i n  th e  p lan e  o f  th e  c o n d u it c ro s s  s e c t io n .  In  
o th e r  w ords, th e  secondary  movement i s  ev idenced  by th e  p resen ce  o f 
c i r c u l a t i o n  superposed  upon the lo r ig i tu d in a l  t r a n s l a t i o n  o f  the  
f l u i d ,  the s tream  l i n e s  o f  th e  mean m otion  th e n  assum ing a  s p i r a l  
form#”
F i a. 136.— Veloo- 
ity  distribution in s 
narrow rectangular 
conduit.
I  so vet
F I o. 137.—Second­
ary flow a t the corners 
of a conduit.
Isovt!
Fio. 138.— Result­
an t of tangential 
fluctuations.
FIG . 1 0 si;.R ESU LTS OBTAINED BY NIKURADSE.
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Rouse i n  h i s  work on th e  su b je c t su p p lied  th e  v e lo c i ty
d i s t r i b u t i o n  cu rv es  f o r  a r e c ta n g u la r  c o n d u it, th e se  were o r ig in a l ly
in  N ik u rad eefs work* These cu rv es  a re  g iv en  i n  Pig* 10*1 * Prom
them, i t  can be s e e n  th a t  th e  v e lo c i ty  i n  th e  c o rn e r  re g io n s  i s  f a r
h ig h e r  th a n  would norm ally  be ex p ec ted .
The p re se n t w r i t e r  has assum ed, th e r e f o r e ,  t h a t  due to
th e  p resen ce  o f  secondary  flow  i n  asym m etrica l co n d u its  (a s  e x p la in ed  
(38) '
by Rouse ) ,  the r a t e  o f  h e a t t r a n s f e r  in c re a s e s  acco rd in g  to  th e  
change i n  the  v e lo c i ty  d i s t r i b u t i o n  and the  th ic k n e s s  o f  lam in a r 
boundary l a y e r .
R e s u lts  o f  the Square Pipe
I n  o rd e r  to  dudy th e  e f f e c t  o f the imposed secondary  
movement r e s u l t in g  from  ,% sym etrical co n d u it b o u n d a rie s , th e  p re s e n t 
w r i t e r  c a r r ie d  out th e  fo llo w in g  t e s t s  on w a ter flow ing  in  a  square  
p ip e ,  w ith  a  long  calm ing s e c tio n  to  e lim in a te  any in te r m i t te n t  
p e n d u la tio n  from a b ru p t change a t  th e  i n l e t  o f  th e  p ip e  under t e s t*  
L o ca l C o e f f ic ie n t o f  Heat T ra n s fe r
The lo c a l  c o e f f ic ie n t s  o f h e a t  t r a n s f e r  a lo n g  th e  p ipe  
le n g th  fo r  most o f th e  t e s t s  were p lo t te d  a g a in s t  i /D  i n  Pig* 10*2*1.
P ig . 1 0 * 2 shows t h a t  th e  l o c a l  c o e f f ic ie n t  o f h e a t 
t r a n s f e r  v a r ie s  a lo n g  th e  p ip e  le n g th  a s  i n  the  case o f  c i r c u la r  
p ip e , th a t  i s ,  fo r  a  d e f in i t e  R eynolds number th e  c o e f f ic ie n t  o f 
h e a t t r a n s f e r  d ro p s  g ra d u a lly  from a co m p ara tiv e ly  la rg e  v a lu e  a t  
th e  commencement o f  the h e a te d  s e c t io n  u n t i l  i t  re ach es  a  co n s ta n t
Fip.102. Data of  Square, Pipe 
( between L/oe* ok l/dc -~3g) •®—
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Nu - 0 0203 Re° d Pr°4
4 8  10 12 14 16 18 20
Re x 10s
6 0
50
o
c t  40
30
20
15
Fio. 10.3■ D a ta  o f Square- Pipe
---------------- (beitween L/Ct-45l L/Pe^ 3L Y
<s
©
0 / '
© /
oP ■0195
0*8
Re Pr° 4
4 8 10 12 14 16 18 20
Re- X IDZ
660
50
I  40
Ifc 30
20
4
Fia. 10.4 Data o f Square Pipe
(between L/ot’,'O k Hof36) y©
© /
y #
©...
V w ,V--02265 Re?F>*’(^ Wj Q’14-
1 I I I I
8 10 12 14 16 18 20
R e x lO 3
*
6
60
50
•o '
^  40
Fia. IQ-5. Dol'd o f  Square P/pe
~  (between L/pe= 6 P Ll0t--%)
- \ n
c f c
% 50
4
0-/f
Nor02208Re Pr*{M4%
8 IQ 12 14 IG 18 20
Rc K I03
v a lu e  a t  a  c e r t a in  le n g th  d iam e te r r a t i o  ( l/B e )  •
in
I t  was found th a t
I/D e = 13
For th e  used  range  o f  Reynolds number (4-,000 Re 18,000)
C o r re la t io n  o f  d a ta  o f  th e  Average C o e f f ic ie n t  o f  H eat T ran sfe r
The re  s u i t s  o f  th e  average c o e f f ic ie n t  o f h e a t t r a n s f e r
f o r  th e  square p ipe  ("between l / E e = 0 and L/Eq = 36 and "between
l /D e = 13 and l /D e = 36) were c a lc u la te d  i n  forms o f  d im en sio n less
groups (Nu, E r and R e ) , These r e s u l t s  a re  g iv en  i n  T ab les  11 and
12 , ‘
0,4- 1 /-z 0 ,1 4
N u/Pr and (N u/Pr ) were
r e s p e c t iv e ly  p lo t te d  a g a in s t  Re f o r  "both i /D  "between 0 and 36
©  '
and l/!Q "between 13 and 36 i n  Pigs* 1 0 ,2 , 10.3> 10.4* 10,5* These
f ig u r e s  show th a t  th e  average c o e f f ic ie n t  o f h e a t t r a n s f e r  o f th e  
square  p ipe can he c o r r e la te d  acco rd in g  to  th e  m ethods o f  b o th  S ie d e r
(43) (14)
& T ate  and D it tu s  & B o e lte r  by th e  fo llo w in g  eq u a tio n s
Between l / P c -  0 and l / P c a 36
0*4 0 ,8
Nu = 0,0203 P r  Re ............... (1 0 .1 )
Nu = 0.02265 P r1//3 R e°#8 / / ^ s  )0 *1^ .* (1 0 .2 )
P or I /D  = i n f i n i t y  ( l /D q =,.13 and l /D c = 3 6 )
Nu = 0.01955 P r0#if Re°*8 ....... (10 .3 )
Nu = 0,02208 P r1 /3 Re°*8 ( / ^ / / ^  ) 0#1Zt" . . . ( l 0 .4 )
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Mass flow x I02 bjhr.
Fia. I0.fi Variations of Heat Transfer 
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Comparison betw een th e  Square Pipe and th e  E q u iv a len t C i r c u la r  P ipe 
E q u iv a len t C ir c u la r  P ip e :
The term  e q u iv a le n t c i r c u la r  p ipe  h e re  i s  a  c i r c u l a r  p ipe  
having an in s id e  d iam ete r e q u a l to  the h y d ra u lic  d iam e te r o f  the  
square p ip e •
The -w riter c o n sid e red  th e  r a te  o f  h e a t t r a n s f e r  fo r  tu rb u le n t
flow  i n  an  e q u iv a len t c i r c u l a r  p ipe w ith  a long  calm ing s e c t io n  as
a b a s ic  s c a le  f o r  com parison w ith  th e  r a t e  o f  h e a t t r a n s f e r  f o r
the  square  p ip e .
As th e  p re s e n t woik on h e a t t r a n s f e r  from 3 /4  in ch  square
(k)
pipe to  w a te r  was v e ry  s im i la r  to  A rab i*s work on calm ed tu rb u len c e
w
h e a t t r a n s f e r  f o r  3 /4  in ch  c i r c u l a r  p ip e , ,  A rab i*s d a ta  were 
co n sid e red  a s  th e  d a ta  o f  the e q u iv a len t c i r c u l a r  p ip e .
Saving in  power w ith  th e  Square P ipe
The average  c o e f f i c i e n t s  of h e a t t r a n s f e r  and p re s su re  drop  
a t  d i f f e r e n t  v a lu e s  o f  mass flow  r a t e  f o r  b o th  th e  square p ip e  and 
th e  e q u iv a le n t c i r c u l a r  p ip e  were c a lc u la te d  (see T ab les  11 and 18) 
and were p lo t te d  in  P ig s .  1 0 .6 , 1 0 . / t  Hence th e  power i n  f t . l b . / h r .  
f o r  b o th  tie square  and the  e q u iv a le n t c i r c u l a r  p ipe a t  d i f f e r e n t  
v a lu e s  o f  th e  average  c o e f f ic ie n t  o f h e a t  t r a n s f e r  was de term in ed  
and p lo t t e d  a g a in s t  th e  average c o e f f ic ie n t  o f h e a t  t r a n s f e r  i n  
P ig . 1 0 .8  • A gain , th e  r a t i o  between th e  power fo r  the square  p ipe 
and t h a t  f o r  the  e q u iv a le n t c i r c u l a r  p ipe  was p lo t t e d  a g a in s t  th e  
average c o e f f ic ie n t  o f h e a t  t r a n s f e r  i n  P ig . 10*8 •
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Results With Data o f Other Investigators. 
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F ig . 10*8 shows th a t  th e  power re q u ire d  fo r  th e  square
p ip e , f o r  any r a t e  o f  h e a t t r a n s f e r  in  th e  range o f  ex p erim en ts , i s
on ly  o f the  power re q u ire d  f o r  the  e q u iv a le n t c i r c u l a r  p ip e  f o r
the  same le n g th  d iam e te r r a t i o .  (aa^ J  ^ 5 %  pt^ L h iA /d t
AaaaA*LAL- ^ v U a^ .
Comparison w ith  D ata o f  O ther In v e s t ig a to r s  y
(48)
W ashington* s d a ta  on a i r  flow ing in s id e  r e c ta n g u la r
(12)
p a s s a g e s  o f  d i f f e r e n t  a s p e c t  r a t i o s  a n d  C o p e * s  d a t a  o n  Y / a t e r
(4)
flow ing  i n  square and re c ta n g u la r  p ip e s  and a ls o  A ra b i*s d a ta
fo r  c i r c u l a r  p ip e  were c a lc u la te d  i n  form s o f N u/Pr^*^,
(Wu/Pr ^ ) (y^s/ / ' h u )^ ^ 4- anq pe and a re  g iv en  in  T ab les 1 3 ,2 2 ,
23 .
These d a ta  to g e th e r  w ith  th e  p re s e n t  w r i te r* s  r e s u l t s  on 
the  square p ip e  were p lo t t e d  in  F ig s . 10.9* 10.10  which show
(1) th a t  "both the  d a ta  o f  c i r c u l a r  p ip e s  and n o n -c irc u la r
(43)
p ip e s  can  be c o r r e la te d  by th e  methods o f  b o th  S ie d e r  and  T ate
0 4 )
and DLttus and B o e lte r  ,
(2) t h a t  th e  h y d ra u lic  d iam e te r ( 4 ( c r o s s - s e c t io n a l  a re a /w e tte d  
p e r im e te r  and n o t th e  h e a te d  p e r im e te r))  f o r  b o th  square and 
re c ta n g u la r  p ip e s  were s u c c e s s fu l ly  used  i n  th e  d im en s io n less  groups 
(Re and Ru) f o r  th e  c o r r e l a t io n  o f  the  averag e  c o e f f ic ie n t  o f  h e a t 
t r a n s f e r  d a ta  f o r  b o th  a i r  and w a te r .
C H A P T E R  XI
92.
THE ROW; TUBE
The e f f e c t  o f th e  imposed tu rb u le n c e  on th e  r a t e  o f 
h e a t t r a n s f e r  from a p ipe  to  a  moving f l u i d  in s id e  i t ,  due to  
th e  p resence  o f s p i r a l  tu rb u len c e  prom oters a lo n g  th e  p ipe  le n g th  
o r  due to  th e  change o f th e  shape o f th e  c r o s s - s e c t io n  has been 
d isc u sse d  i n  th e  two p rev io u s  ch ap te rs*
These d is c u s s io n s  have shown t h a t  th e  p re sen ce  o f  su p er­
tu rb u len c e  o r  secondary  flow  causes an in c re a se  i n  th e  r a t e  o f h e a t 
t r a n s f e r  and i n  th e  sav ing  i n  power.
There a re  some c a s e s , however, i n  which th e  degree o f th e  
imposed tu rb u le n c e  can  be s u b s ta n t ia l ly  in c re a s e d  even  a t  law
v e lo c i t i e s  o r mass flow  r a t e s  by changing th e  shape o f  the  tu b e .
(19)
Green & Kang showed th e  in f lu e n c e  o f  tube  shape on th e  
c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  i n  h e a t exchangers, by conducting  
some experim en ts on a i r  o r  steam  flow ing  in s id e  p a r t i a l l y  f l a t t e n e d  
tu b e s  and p a r t i a l l y  f l a t t e n e d  and dim pled tu b es  (F ig . A*i7)
( 17)F ishenden  & Saunders dem onstra ted  th e  advan tages o f the 
s o -c a l le d  " s w ir ly f lo "  tube  o v er th e  p l a in  c i r c u l a r  tube  (F ig . A.1 9) •
The above in v e s t ig a t io n s  were l im ite d  e i t h e r  to  co o lin g  a i r
(19) (17)
and steam  o r  t o  p ro d u c t o f  com bustion w hich were p a ss in g  
th ro u g h  th e  non c i r c u l a r  tubes*
The w r i t e r ,  th e re fo re *  conducted  a s e r ie s  o f  t e s t s  on w a te r  
flow ing  in s id e  th e  "Row” tube ,, to  s tu d y  th e  e f f e c t  o f  a  tho rough ly  
b roken  flow  o f l i q u i d  on th e  average  c o e f f ic ie n t  o f  h e a t t r a n s f e r .
E q u iv a le n t C ir c u la r  Tube
T his i s  a c i r c u l a r  tube hav ing  an in s id e  d ia m e te r  eq u a l t o  
th e  d iam ete r o f th e  p la in  round tu b e  from which th e  Row tube i s  
form ed.
The average c o e f f ic ie n t  o f h e a t  t r a n s f e r  f o r  tu rb u le n t  flow  
i n  a n  e q u iv a le n t c i r c u l a r  tube w ith  a  long  calm ing s e c t io n  was 
c o n sid e re d  as a b a s i s  f o r  com parison w ith  th e  average  c o e f f ic ie n t  
of h e a t t r a n s f e r  fo r  th e  Row tube*
(4)
F or the re a so n s  a lre a d y  m entioned  in  C hap ter X, A rab i*s 
d a ta  on w a ter f o r  th e  calmed tu rb u le n t  h e a t t r a n s f e r  f o r  in ch  
c i r c u l a r  tu b e  w ere c o n s id e re d  a s  th o se  o f  th e  e q u iv a le n t c i r c u la r  
tube*
C o r re la t io n  o f r e s u l t s  o f  th e  Row Tube
The p re s e n t w r i t e r  has assumed th a t  th e  c o r r e l a t io n  o f  h e a t 
t r a n s f e r  d a ta  o f  the  Row tu b e  by th e  u se  o f  e m p ir ic a l e q u a tio n s  
based  on th e  d im ension less. a n a ly s is  f o r  th e  com parison w ith  th e  d a ta  
o f  c i r c u l a r  tu b e s  i s  im p ra c tic a b le  f o r  th e . fo llo w in g
Re = vDe
For th e  same d isc h a rg e  Q p e r  u n i t  t im e ,
v = Q (where A = c ro s s  s e c t io n a l  a re a )
A
^ ^ A (where C -  c i r c u m fe re n t ia l  le n g th )
C
H ence, a t  any c r o s s - s e c t io n  a long  th e  tube  le n g th
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Re = 2. x 4A X - i  = k- Q x4rA C~ ^ C V
and as C = c o n s ta n t, i n  th e  case  o f  th e  Row tu b e , a t  any c ro ss  
s e c t io n  a lo n g  th e  tube le n g th , hence Re = c o n sta n t a t  a.iuj n ro s s
s e c t io n  a long  th e  tuhe le n g th .
Prom the c o n s tru c tio n  o f th e  Row tu b e  i t  i s  c l e a r ,  however, 
th a t  the  flow  p a t te r n  changes from one s e c t io n  to  th e  o th e r ,  due to  
the  change o f  th e  shape o f th e  c ro ss  s e c t io n  along the  tube  le n g th . 
Average C o e f f ic ie n t  o f H eat T ra n s fe r  f o r  th e  Row tube and the  
E q u iv a len t C irc u la r  Tube
The average  c o e f f i c i e n t s  o f  h e a t t r a n s f e r  f o r  th e  Row tube 
and th e  e q u iv a le n t c i r c u la r  tube  were c a lc u la te d  a s  e x p la in e d  in  
C hapter VI and were p lo t te d  a g a in s t  th e  mass flow  r a t e  o f  w a te r  (m) 
in  l b / h r .  on c a r te s ia n  c o -o rd in a te s  i n  P ig .  1 1 .1 , and on a lo g a rith m ic  
paper in  P ig . 11 .2  .
P ig .  1 1 .2  in d ic a te s  t h a t : -
(1) th e  average c o e f f ic ie n t  o f  h e a t t r a n s f e r  fo r  w a te r  can be 
re p re se n te d  by th e  fo llo w in g  e q u a tio n s ;
Por the  e q u iv a le n t c i r c u l a r  tube and 700 C  1$* > < 2 ,500  l b / h r .
h  = 1 .5 9  Mg0 *8 .............. (11 .1 )
e
P or Row tube and 25 <! Mr  < *1 ,300  l b / h r .
0 . 2 V 7  /  'xh = 1 2 0  M a .............. (11 .2)r  • r
f o r  R oy/  tube a n d  M r  ^  1 ,300  l b / h r
0*0676 / , v
hr  = 544 “ r  . • ...................
(2) th e  flow  i n  the Row tube i s  tu rb u le n t  even a t  a  com paratively
low mass flow  r a t e ,  and , as  a  r e s u l t ,  a t  any mass flow  r a t e  th e
c o e f f ic ie n t  o f h e a t t r a n s f e r  f o r  th e  Row tube i s  h ig h e r  th a n  th a t
o f th e  e q u iv a le n t c i r c u l a r  tube# The r a t i o  of h  to  h
r e
d e c re a se s  a s  th e  mass flow  r a te  in c re a s e s  ( e .g .  h  = 3 .2  h  a tr  e
M = 600 lb /h r  and h = 2h a t  M = 1 ,300 lb /h r )  .Ju
(3 ) th e  r a te  o f in c re a s e  o f  h w ith  M fo llo w s a d e f in i t er  2?
0.2V7,r e l a t i o n  fo r  2S <C 1 ,300  l b / h r ,  (hp = 120 Mp ) and th e n
as  M. in c re a se s  th e  r a t e  o f  in c re a s e  o f  h i s  much l e s s  th a n  r  r
f o r  Mr  < 1 ,3 0 0  l b / h r .  (b^ = 544 I I ,0 *0676) .
(4 ) a lth o u g h  the value  o f  hQ i s  l e s s  th a n  h_^  a t  any
mass flow  r a t e  i n  th e  range o f  th e  ex perim en ts, th e  r a te  o f
in c re a s e  o f  h  w ith  M i s  g r e a te r  th a n  th e  r a t e  o f in c re a s eo ' e 0
i n  h^ w ith  M ,  e s p e c ia l ly  fo r  M <2 1 ,300 l b / h r .
The in c re a s e  i n  th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r  f o r  th e  
Row tu b e  can  be a t t r i b u t e d  to  th e  fo llo w in g  fa c to rs :-*
(a ) Due to  th e  in d e n ta tio n s  the  mean c ro s s - s e c t io n a l  a re a  o f  
th e  Roy/ tube  (0 .198  sq# inch ) i s  much sm a lle r  th a n  th e  a re a  o f  th e  
e q u iv a le n t tube (0#44179 sq# in ch ) and hence, f o r  the  same mass 
flow  r a t e j  the mean v e lo c i ty  o f  flow  f o r  th e  Row tube  i s  h ig h e r  
th an  th a t  o f th e  e q u iv a le n t c i r c u l a r  tube#
(b) The p re sen ce  o f su p e r- tu rb u le n c e  due to  th e  g e o m etric a l 
shape o f  th e  Roy/ .tu b e .
(c) the  in c re a se  in  th e  p a th  le n g th s  o f  the w a te r  p a r t i c l e s  
compared w ith  th o se  in  th e  case  o f  the  empty tube a t  th e  same 
v e lo c i ty  o f flow#
(d) The flow  of w a te r th ro u g h  th e  Row tube  i s  th o rough ly  b roken  
up and d iv e r te d  in to  in tim a te  c o n ta c t w ith  the  whole o f th e  tube 
s u r fa c e •
The Small In c re a s e  o f h  w ith  M a f t e r  a  C e r ta in  Mass Plow R ate      r   T ,    ------------------
in  the Row Tube
P igs 11 .2  and 11#f a ls o  show th a t  th e  average  c o e f f ic ie n t  
o f h e a t t r a n s f e r  re a ch e s  a maximum- va lue  a t  Mp 1,300 l b / h r  and 
th e r e a f t e r  rem ains p r a c t i c a l l y  co n sta n t o r  s c a rc e ly  in c re a s e s  w ith  
the in c re a s e  o f  th e  mass fiow  and t h i s  c o n d it io n  o b ta in s  up to  th e  
maximum v a lu e  o f  the  mass flow  in  the range o f  th e se  experim en ts 
(M up to  3 ,000  l b / h r ) .  On th e  o th e r  hand, th e  v a lu e s  o f h^ 
i n  th e  d i f f e r e n t  t e s t s  i n  t h i s  range a r e  no t s c a t te r e d  wfien p lo t te d  
a g a in s t  th u s  in d ic a t in g  th a t  t h i s  i s  n o t a  t r a n s i t i o n  ra n g e .
The w r i t e r  has assumed th a t  f o r  calmed tu rb u le n c e  i n  th e  
case  o f  the e q u iv a le n t c i r c u l a r  tu b e , th e  th ic k n e ss  o f  th e  lam in a r 
la y e r  d i r e c t l y  a d ja c e n t to  th e  s o l id  su rfa ce  o f  th e  tube  g ra d u a lly  
d e c re a se s  a s  th e  v e lo c i ty  in c re a s e s  (a s  e x p la in ed  e a r l i e r  i n  th i s
Hr
work) ,  and hence th e  average c o e f f ic ie n t  o f h e a t  t r a n s f e r  a cco rd in g ly  
in c re a s e s .  I n  the case  o f th e  Row tu b e , th e  flow  becomes f u l l y  
tu rb u le n t  even a t  co m p ara tiv e ly  low  mass flow  r a t e ,  which means 
th a t  th e  lam in a r la y e r  i s  d is tu rb e d  a t  low mass flow  and a s  th e
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With Mass Flow.
th e  mass flow  in c re a se s  the  th ic k n e s s  o f the lam in a r la y e r  d e c rea se s  
hu t a t  a  co m p ara tiv e ly  low er r a t e  th a n  in  th e  case  o f  th e  e q u iv a le n t 
c i r c u la r  tube*  When th e  mass flow  r a t e  re a ch e s  a  c e r t a in  v a lu e  
(M = 1 ,300 l b / h r ) ,  the  th ic k n e s s  o f t h i s  l a y e r  reach es  a  c e r t a in  
minimum, and hence th e  imposed tu rb u le n c e  s c a rc e ly  d is tu r b s  t h i s  
la y e r  and a s  a  r e s u l t  th ic k n e s s  o f  t h i s  l a y e r  d e c rea se s  a t  an  
even slow er r a t e  th a n  in  f i r s t  range o f  mass flow  (23 <T M < ^  1 , 300) ,  
hence th e  in c re a s e  in  th e  c o e f f ic ie n t  o f  h e a t t r a n s fe r*
From Fig* 11*3, th e  p re s su re  drop f o r  the How tube a t  
Mr  = 1,300 i s  v e iy  h ig h  compared to  th a t  f o r  th e  e q u iv a le n t 
c i r c u l a r  tube ( h ^  = 200H o f  w a te r /3 5 ,! tube le n g th )*  In  o rd e r  to  
o b ta in  the  same p re s su re  drop i n  th e  case  o f  the  e q u iv a le n t c i r c u l a r  
tu b e , a. v e ry  h ig h  v e lo c i ty  o f  flow  would be re q u ire d  to  be m a in ta in ed  
(Ree a -  250, 000) .
The ■'writer su g g e s ts , th e r e f o r e ,  t h a t  a study o f the  r a t e  
o f in c re a s e  o f  th e  c o e f f ic ie n t  o f  h e a t t r a n s f e r  f o r  w a te r flow ing  
in s id e  a  c i r c u l a r  tu b e  a t  h ig h  Reynolds Number (Re 5> 200,000) i s
w orthy o f s tu d y  to  f in d  w h e th er, f o r  such h ig h  R eynolds Number, the
in c re a s e  o f the c o e f f ic ie n t  o f h e a t t r a n s f e r  w ith  th e  mass flow  
r a t e  w i l l  be v e ry  sm a ll, a s  i n  the case  o f  th e  Row tu b e «•
Saving i n  Power w ith  th e  Row lube
The r a t i o s  o f the  power r e q u ire d  fo r  th e  Row tube and the  
e q u iv a le n t c i r c u l a r  tu b e  a t  th e  same c o e f f ic ie n t  o f  h e a t  t r a n s f e r  
were c a lc u la te d  from  h-M (Fig* 11*1:) and h ^ - M (F ig* 11*3) cu rv es
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Fig 11.5. Savina of  Power With 
'Row' Tube,
and a r e  g iven  i n  T able 17* These r a t i o s  were p lo t te d  a g a in s t 
th e  average c o e f f ic ie n t  o f h ea t t r a n s f e r  on c a r te s ia n  c o -o rd in a te s  
i n  F ig . 1 1 .4  and on lo g a rith m ic  p a p e r in  F ig . 11.5
These f ig u r e s  in d ic a te  t h a t ,  i n  th e  case o f the  Row tu b e , 
a  s u b s ta n t i a l  amount o f  power can be saved , e s p e c ia l ly  a t  a  
co m p ara tiv e ly  low c o e f f ic ie n t  o f h e a t  t r a n s f e r  j ,h <C.500 B .T h .I l /(sq ,f  
hr* and hence a t  low mass flow  r a t e  (M <4 320 l b / h r ) , ( e .g .
th e  power re q u ire d  fo r  h  = 400 B*ThiU/(sq . f t ,)  hr*°F  i s  only  14»5^ 
o f  t h a t  re q u ire d  fo r  the  e q u iv a len t c i r c u l a r  tu b e ) .
At co m p ara tiv e ly  h ig h  c o e f f ic ie n ts  o f  h e a t t r a n s f e r  
(h  500 B .T h .U /(s q « f t* )h r .° F ) , however, the use o f th e  Row tube 
r e s u l t s  in  a  lo s s  o f power and t h i s  lo s s  in c re a s e s  a s  th e  c o e f f ic ie n t  
o f heo.t t r a n s f e r  o r  the mass flow  r a t e  in c re a s e s .
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Fig 12.1. Effect of 5uoer turbulence^ 
on Saving of  Power 
Naaaoka t< Watanabe:— m Wire. No. f  (pitch- 48 mj)
© Wire No. 17. (pitch* QmW , +
Writer-.— R = Row tube,
A = Promoter, Pitch fin 14-4,
C = fin 5-445,
E = / in 2h4,
Wire No. 11. ( pitch = 50 qM
5 = Square, tube.
6 = I in 9-6
D = i in 3-6 
F = / /b 2-31
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C H A P T E R  X II 
THE EFFECT OF SUPER TURBULENCE ON SAVING OP POWER
The power r a t i o s  o f th e  tu b e  f i t t e d  w ith  p rom oters and ' 
the  empty tu b e , o f  th e  square  p ipe and i t s  e q u iv a le n t c i r c u la r  
p ip e , and o f th e  Row tube  and  i t s  e q u iv a le n t c i r c u l a r  tu b e  were 
p lo t te d  a g a in s t  th e  average c o e f f i c i e n t s  o f h e a t t r a n s f e r  on a 
lo g a r ith m ic  p ap er in  P ig .  12*1 *
(31) '
W ith th e  e x c e p tio n  o f  Nagaoka & ¥atanaTbe*s work, 
the  w r i t e r  i s  unaware o f  any r e s u l t s  fo r  th e  average c o e f f ic ie n t  
o f  h e a t t r a n s f e r  f o r  w a te r  flow ing in s id e  tubes o f d i f f e r e n t  shapes 
o r f i t t e d  w ith  tu rb u le n c e  prom oters*
The p re s e n t w r i t e r  h as  c a lc u la te d ,  th e r e f o r e ,  th e  r a t i o
(31)
o f power of experim en ts  o f Nagaoka & Watarab© . on th e  tube  
f i t t e d  w ith  w ire s  No. 17 ( p i tc h  = 17 mm) Q-rd No. 11 ( p i tc h  = 50 mm) 
and No. 6 ( p i t c h  = 48 mm) in  each case  to  th e  power re q u ire d  fo r  the 
empty tube a t  d i f f e r e n t  c o e f f ic ie n t s  o f  h e a t t r a n s f e r  and h as p lo t te d  
th e se  r a t i o s  to g e th e r  w ith  the  above-m entioned d a ta  in  P ig . 12.1 .
Prom P ig .  1 2 .1 , i t  can  be seen  t h a t
(1 ) th e  p resen ce  o f  su p e r- tu rb u le n c e  i s  u s u a lly  a s s o c ia te d  
w ith  sav ing  o f power w ith in  a  c e r t a in  range o f  the  c o e f f ic ie n t  o f 
h e a t t r a n s f e r .  T h is  range depends on the  p i tc h  d iam e te r r a t i o  in  
the case  o f  s p i r a l l y  tw is te d  s t r i p s  o r w ire s .
(2) th e  sav in g  o f  power i s  co m p ara tiv e ly  h ig h  a t  low' v a lu e r  
o f th e  c o e f f i c i e n t  o f h e a t t r a n s f e r !  d e c re a s in g  as th e  c o e f f ic ie n t
o f  h e a t  t r a n s f e r  i n c r e a s e s ,  e x c e p t  i n  t h e  c a s e  o f  t h e  s q u a r e  p i p e ,  
Y / h e r e  t h e  s a v i n g  o f  p o w e r  i s  c o n s t a n t  a t  a n y  v a l u e  o f  t h e  
c o e f f i c i e n t  o f  h e a t  t r a n s f e r *  ( T h i s  l a s t  c o u l d  h e  a t t r i b u t e d  t o  
t h e  f a c t  t h a t  t h e r e  i s  n o  l o s s  o f  p o w e r  d u e  t o  f o r m  d r a g  i n  t h e  
c a s e  o f  t h e  s q u a r e  p i p e ) .
( 3 )  t h e  R o w  t u b e  s h o w s  b e t t e r  p e r f o r m a n c e  a t  a  c o m p a r a t i v e l y  
h i g h  c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,  a s  f a r  a s  t h e  s a v i n g  o f  p o w e r  
i s  c o n c e r n e d .
(4 ) t h e  s a v i n g  i n  p o w e r  i n  t h e  c o . s e  - o f  t h e  t u b e  f i t t e d  w i t h  
s p i r a l l y  w o u n d  w i r e  i s  s l i g h t l y  l e s s  t h a n  i n  t h e  c a s e  o f  t h e  t u b e  
f i t t e d  w i t h  s p i r a l l y  t w i s t e d ,  s t r i p s ,  p r o v i d e d  t h a t  t h e  p r o m o t e r s  
i n  e a c h  c a s e  h a v e  t h e  s a m e  p i t c h  d i a m e t e r  r a t i o .
1 0 1 .
C H A P T E R  X III 
SUMMARY AND CONCLUSIONS
The r e s u l t s  g iven  th roughou t t h i s  work may he summarized 
a s  fo llow s
1• L ocal C o e f f ic ie n t  o f  Heat T ra n s fe r  f o r  Calmed Turbulence 
i n  th e  C irc u la r  Pipe
(a )  The lo c a l  c o e f f ic ie n t  o f h e a t t r a n s f e r  (h^) f o r  a  d e f in i t e
Re drops g ra d u a lly  a t  th e  commencement o f th e  h e a te d  s e c t io n  u n t i l
i t  reach es  a co n stan t v a lu e  ( h ^  ) a f t e r  a  c e r t a in  le n g th -d ia m e te r
r a t i o  (i / d ) ,  depending on th e  va lue  o f Re, m
(b) The lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r  a t  any s e c t io n  a long  
the  p ip e  le n g th  can be re p re s e n te d  by th e  fo llo w in g  r e l a t i o n s .
For 3*000 < R e L <  8,000 and l/ d < 1 2
0 .4  0 i94  , a. v-0 .1 9 9N = 0,0085 P rL ReL (l/ d )
Then fo llo w s a  t r a n s i t i o n  ra n g e .
For ReL,^ 1 3 ,000 and L/D <  i  0 .
NuL = 0 .079  P r ° #2f R e ° ^ 75 (i / d)~°*133
For ReL^ 3 ,000 a id  L /D > 1 2  
]%,= NUq = .023 P r p '^
(c) Once th e  lo c a l  c o e f f ic ie n t  o f  h e a t t r a n s f e r  a t  a d e f in i t e  
s e c t io n  o f  th e  h e a te d  p ipe i s  known, th e  l o c a l  c o e f f ic ie n t  a t  any
o th e r  s e c t io n  can he de term ined  from the  fo llo w in g  r e l a t i o n s : -  
For 3 ,000 < R o C  8,000
= N u ^  Ro°<17 (I /D )0 *199
where fo r  L/D <.'12 and N u ^  f o r  L/D 3> 12
For PlC 1 3 1000
< ° - 095 (l/ d ) - 0 -193
where Fu^ fo r  l / D d 0  and Nu ; fo r  l /D  3> 10 .
From th e  p o in t o f  v iew  o f r e s e a rc h  and o f  d e s ig n  o f h e a t 
exchangers, th e se  r e l a t io n s  a r e  o f d i s t i n c t  v a lu e  e s p e c ia l ly  when 
th e  lo c a l  c o e f f ic ie n t  o f  h e a t o r th e  su rfa ce  tem p era tu re  a lo n g  the  
p ipe le n g th  i s  a  m ajor f a c to r .
2 • Turbulence Prom oters
(a ) The in tr o d u c t io n  o f  s p i r a l ly - tw is te d  s t r i p s  a.long the whole 
le n g th  o f the c i r c u l a r  tube (empty tu b e) in c re a s e s  bo th  th e  c o e f f ic ie n t  
o f  head t r a n s f e r  and th e  p re s su re  drop a t  any mass flow  r a t e  in  the 
range o f th e  experim ents and th e  sm a lle r  th e . p i tc h  o f th e  prom oter 
th e  g r e a te r  th e  in c re a s e  o f b o th  the  h e a t t r a n s f e r  and p re s su re  
d r o p . .
Cb) The maximum in c re a s e  in  th e  average c o e f f ic ie n t  o f  h e a t 
t r a n s f e r  f o r  any used  p ro m o ters , compared w ith  th a t  o f  th e  empty 
tu b e , ta k e s  p lace  a t  th e  v e lo c i ty  when th e  flow  i n  the  empty tube
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‘becomes t r a n s ie n t  ( R e 2, 000)  # Thereupon, th e  r a t i o  (h^ /h^) 
decrea.se s a s  the  v e lo c i ty  increases;#
(c) The use o f p ro m o ters , e s p e c ia l ly  th o se  o f co m p ara tiv e ly
sm all p i tc h e s ,  no t on ly  increo .ses th e  r a t e  o f h ea t t r a n s f e r ,  bu t 
saves c o n s id e ra b ly  th e  power re q u ire d  a t  th e  same average 
c o e f f ic ie n t  o f h ea t t r a n s f e r ,  i n  com parison w ith  th e  ca.se o f  the  
empty tube *
A prom oter w ith  p/D  >  9 i s  no t recommended a t  any mass 
flow  r a t e ,  as f a r  a s  th e  sav ing  o f power i s  concerned#
(a) The p re s e n t w r i t e r  has subm itted  th e  fo llo w in g  em pirico .l
e q u a tio n s  to  c o r r e la te  h i s  do.ta o f  the p rom oters on w a te r  and th e  
d a ta  o f  some p rev io u s  in v e s t ig a to r s  on a i r .
For Re 1> 300
0 .4  0*352 /  , . - 1 0 .4  ROp°*ih
Nu = c P r  Re (p/D)
P P P '
where c = 2 ,4  fo r  w a te r  
and c = 3*4 fo r . a ir#
R e la t io n  betw een th e  data, o f  prom oters and empty tube f o r  b o th  
w a ter and a i r
0.1). - 0 .4  - lO A R e - 0 *2'-
Nu^ = 84 Nue P r^ /P r^  Re (p/D)
For a i f
Nu = 84 Nue Re~0 ^  (p/D)"■ ^ R e "0 *21*
T his e q u a tio n  can  a ls o  he used  f o r  w a te r  i f  P r  i f  P r •
P e
The above eq u a tio n s  in d ic a te  t h a t  th e  low er th e  He and 
th e  g r e a te r  th e  d ia m e te r  o f  th e  tube  and th e  s m a lle r  th e  p i tc h  
o f th e  p rom oter, th e  g r e a te r  th e  in c re a se  in  the c o e f f ic ie n t  o f 
h e a t t r a n s f e r ,
3 • Square Pipe
(a) The h y d ra u lic  drone t e r  i s  s u c c e s s fu lly  u sed  in  Re and Nu
fo r  the  c o r r e la t io n  o f  d a ta  o f th e  average c o e f f ic ie n t s  o f  h e a t
t r a n s f e r  and th o se  f o r  a  tube  o f  i n f i n i t e  le n g th  by th e  methods
(14) (43)
suggested  by D i t tu s  & B o e lte r  and by S ie d e r  & Tate
(E quations (1 0 ,1 ) ,  (1 0 ,2 ) , (1 0 ,3 ) and (10,2*.)),
(b) The power re q u ire d  fo r lh e  square p ip e , a t  any r a t e  o f 
h e a t t r a n s f e r  i n  the range o f the  ex p erim en ts , i s  on ly  Ibfi o f th e  
power re q u ire d  fo r  the  e q u iv a le n t c i r c u la r  p ipe f o r  th e  sane le n g th  
d iam e te r r a t i o
Roy/ Tube
(a )  The av erag e  c o e f f ic ie n t  o f h e a t t r a n s f e r  and th e  p re s s u re
d ro p , a t  any mass flow  r a t e  w i th in  the  range o f the  ex p erim en ts , 
a re  r e s p e c t iv e ly  h ig h e r th a n  th o se  o f  th e  e q u iv a le n t c ircu la„ r tu b e .
There i s  a. d e c rea se  in  h^/h  a s  th e  mass flow  r a te  in c re a s e s ,
P or M 3> 1 ,300  l b / h r ,  d e c rea se s  a t  a co m p ara tiv e ly  g r e a te r
r a t e  w ith  M,
(b) W ith th e  R oy/  tube  up t o  h i s  ap p rox im ate ly  500 B,Th,U / 
f t , ^ h r i  °P , th e re  i s  a s u b s ta n t i a l  sav ing  of power compa.redwi.th 
th e  e q u iv a le n t c i r c u l a r  tu b e .
G eneral C onclu sion s
(a) S uper-turbu lence o f  any type in c r e a se s  both  th e  c o e f f i c i e n t  
o f  h eat t r a n s fe r  a n l p ressu re drop as  compared w ith  th e  calmed 
tu rb u len t flo w  i n  a p la in  c ir c u la r  tube a t  any mass flo w  ra te  in  
the range o f  the exp erim en ts,
(b) W ith in  c e r ta in  range o f  the c o e f f i c i e n t  o f  heat t r a n s fe r ,  
the presence o f  super tu rb u len ce  a lon g  th e tube le n g th  co n sid era b ly  
saves  th e power a t  th e  same r a te  o f heat t r a n s fe r  in  com parison w ith  
the case  o f  the calm ed tu rb u len ce in  a p la in  c ir c u la r  tu b e ,
( c )  T h e r e f o r e ,  Y / h e n  t h e  s a v i n g  i n  s p a c e  o r  w e i g h t  o f  h e a t  . 
e x c h a n g e r ,  r e g a r d l e s s  o f  t h e  p o w e r  r e q u i r e d ,  a r e  m a j o r  c o n s i d e r a t i o n s  
a s  i n s t a l l a t i o n s  o f  b o i l e r s ,  c o n d e n s e r s  a n d  c a l o r i f i e r s  i n  s h i p s ,  
e s p e c i a l l y  n a v a l  s h i p p i n g ,  o r  h e a t  e x c h a n g e r s  i n  a e r o p l a n e s ,  t h e  ' w r i t e r  
s u g g e s t s  t h e  u s e  o f  h e a t  e x c h a n g e r s  c o n t a i n i n g  p i p e s  - f i t t e d  Y / i t h  
s p i r a l  p r o m o t e r s  h a v i n g  s u i t a b l e  p i t c h - d i a m e t e r  r a t i o s  o r  c o n t a i n i n g  
t h e  R o y /  t u b e s .
The sav in g  in  space or  w eigh t depends, however, on th e  
mass flow  r a te  u sed  in  the h ea t exch an ger,
(d) I f  the sav in g  o f  power i s  o f  major im portance j th e  mass 
flo w  r a te  should not exceed  a c e r ta in  maximum w hich depends, in  
th e oa.se o f  s p ir a l  prom oters, on th e  p it c h  d ia m eter  r a t io #  The 
loY/er th e  mass flo w  r a t e ,  the g r e a te r  th e sav in g  o f  power fo r  
both  the R o y / tube and the s p ir a l  prom oters#
(e ) Any d e s ir e d  com bination  o f  (c) and (d) co u ld  be ach iev ed  
in  the  case  o f s p i r a l  p rom oters , by th e  p ro p e r  ch o ice  of p i tc h  
d iam e te r r a t i o  and s u i ta b le  mass flow  r a t e ,  and o f  s u i ta b le  mass 
flow  r a te  a lone  i n  th e  case o f  th e  Row tube#
( f )  The m ain advantage o f th e  use o f  c i r c u l a r  tu b e s  f i t t e d  
w ith  prom oters over th e  R oy /  tu b e  i s  t h a t  in  th e  form er b o th  the  
in s id e  and th e  o u ts id e  su rfa c e s  o f  the  tube  can  be e a s i ly  c lea n e d  
f r e e  from th e  s c a le  and d e p o s its#  As f o r  th e  l a t t e r ,  however,
i t  has been  s t a t e d  by th e  m akers (S heet R#P#T# Ju n e , 1950) th a t  
th e  Row tube c a s ts  s c a le  more r e a d i ly  th a n  p l a i n  tube su rface#
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A P P E N D I X  
CALIBRATION OF MEASURING- DEVICES
(A) • C a l ib ra t io n  o f Thermocouples
P a r t i c u la r s  o f  the  w ire  used  and o f  i n s t a l l a t i o n  o f  
therm ocouples have been  g iv en  in  C h ap ter V.
The l i t e r a t u r e  on the s u b je c t  i s  a d eq u a te ly  covered  by 
re fe re n c e s  (5 ) 9 (6 ) ,  (2 1 ) , (4 0 ) , (47) and th e  I n te r n a t io n a l  
C r i t i c a l  T ab le s , 1_ > 1 926.
The procedure adop ted  here  was t h a t  recommended by
( « )  2
R oeser who s ta t e d  t h a t  an e q u a tio n  o f th e  form E = a t  + b t
would y ie ld  in te r p o la te d  v a lu e s  in  th e  range 0-100 °C a lm ost a s  
a c c u ra te ly  as  e .m .f .  was determ ined  a t  the  c a l i b r a t io n  p o in ts  
(E = e .m .f .  i n  r^ .V , t  = tem p era tu re  °C, a and b a re  c o n s ta n ts ) .  
The v a lu e s  of th e  c o n s ta n ts  should  be de term ined  by c a l ib r a t io n  
a t  about 50 and 100 °C.
C a l ib r a t io n  i n  th e  p re s e n t work was c a r r ie d  out w ith  a  
s u i ta b le  g la s s  j a r  and co n d en se r, known a s  a hypsom eter^ u s in g  
steam produced from d i s t i l l e d  w a te r  and a n a la r  q u a l i ty  ch lo ro fo rm  
i n  th e  case  o f  32 S.W.C* therm ocouples w ire s ,  and steam and a n a la r  
q u a l i ty  ace to n e  i n  th e  case  o f 30 S.V.G. therm ocouples w ire s .  The 
barom eter p re s su re  was 7&4 nun o f Hg and 7^1 of Hg r e s p e c t iv e ly  
on th e  p a r t i c u l a r  days o f  c a l i b r a t i o n  o f  th e  32 S.W.C. w ire  and 
the  30 S.W.C. w ire .
The steam  p o in ts  were o b ta in ed  a t  th e  re s p e c tiv e  p re s s u re s  
and th e  b o i l in g  p o in ts  o f  ch lo ro fo rm  and ace to n e  were tak en  a s
t  ( f o r  Chloroform ) = 61*2 + (0.41 x (764-760))=  61.364 °C 
t  ( f o r  ace tone  ) = 57 + (0 .3 9  x <761 -  760)) = 57.039 °C
( 20)
acco rd in g  to  th e  Handbook o f C hem istry  and P h y sics  •
The v a lu es  o f  th e  e .m .f .  de term ined  f o r  32 S.W.G-. w ire  
fo r  b o i l in g  steam and ch loroform  were 4 ,527  and 2 ,650  puv  
r e s p e c t iv e ly .  The v a lu e s  o f  the e .m .f .  determ ined  f o r  30 S.W.G-. 
w ire fo r  b o i l in g  steam  and acetone  were 4 ,365 and  2 ,360  y-'-v 
r e s p e c t iv e ly .
To determ ine th e  v a lu e s  o f a_ and b_ in  each c a s e , the
fo llo w in g  eq u a tio n s  were a p p lie d .
Por 32 S.Y7.G-. w ire
4,527 =  100.147 a + (100.147f  *>
2,650  = 61 .364  a + (61.364)2 ■
-2
whence a  = 39• 95> b = 5 .2 4  x 10
The c a l ib r a t io n  e q u a tio n  was th e r e f o r e
2 o
E = 39.95 t  + (5 .2 4  x  10~ ) t 2 ................ (A .1)
For 30 S.T7.G-. vdre
4,365 = 100.0975 a + (100 .0975)2 b 
2,360 = 57.039 a + (5 7 .0 3 9 )2 b 
Y/hence a = 39*2234 , b = 5 .205 x 10~^
The c a l ib r a t io n  e q u a tio n  was th e re fo re
Fig. A. I. Calibration o f Thermocouples
(30 5.W.6.)
100
Go
50
8002000
Fia. A. 2. Calibration o f Thermocouples,.
(32  S . W .6 . )
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E = 39.223A t  + (5.205 x  10“2 ) t  .................. (A.2 )
From eq u a tio n s  (At)  andOk.2), th e  v a lu e s  o f  E shown in  Table 1 
were c a lc u la te d  and th e  c a l i b r a t io n  e w e s ,  (F igs* A*1 and A*2) 
were drawn*
For checking E q uations , (A.1) and (A ,2) th e  e*m*fs* fo r  
b o il in g  a n a la r  q u a l i ty  a c e to n e , ch lo ro fo rm , carbon  te t r a c h lo r id e  
and benzene were determ ined  f o r  th e  two w ire  gauges by  means 
o f th e  same hypsometer* The b o i l in g  p o in t te m p e ra tu re s  f o r  th e  
d i f f e r e n t  chem icals a s  found from e q u a tio n s  (A*1) and (A*2) were 
in  good agreem ent w ith  th e  co rrespond ing  b o i l in g  te m p e ra tu res
(20)
p u b lish e d  i n  th e  Handbook o f C hem istry  and  P h y s ic s  •
The same p o te n tio m e te r  was u sed  in  th e  c a l i b r a t i o n  and a l l
th e  t e s t s  o f  th e  in v e s t ig a t io n *  T h is  i s  a  T in sley  in s tru m en t
(Type 3184* 0 - 1 * 8  v o l t s ,  AO ohms 0*03 amps) w hich can be  rea.d
a c c u ra te ly  to  3 /-^v*
(B) « C a l ib ra t io n  o f  V e lo c ity  Gauges
The n o z z le -f lo w  m eter d e sc r ib e d  in  C h ap ter V was
c a l ib r a t e d  a g a in s t  a  c a l ib r a te d  m easuring  tank*
2The v a lu e s  o f  H a g a in s t  v  fo r  b o th  the  w a te r  and 
m ercury gauges w ere p lo t te d  i n  Figs* A*3 and A*A? w hich g iv e  a 
s t r a ig h t  l i n e  in  each  c a se ; hence th e  r e l a t i o n  betw een th e  v e lo c i ty  
o f flow  (v) and th e  read in g  o f th e  m eter (h) f o r  th e  c i r c u la r  tube 
(1 in ch  i«d*) a re  g iv en  by:
6 o
50
40
30 HU)= 13-75 V
20
10
sec.
o
3 52 4 6
Fig. A 3. Calibration of Velocity Meter
(Water Cauge)
15
—  - c
1 0
5
v2 (ft /sec)
o
10 403020
Fig  A. 4. Calibration o f Vdocitu Mei'er:
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HLU = 13.75 v
and
Hm = 0.427
where II = in ,cm . of. w a te r  i*--
= in  in ch  o f m ercury 
v  = f t /  s e c .
For th e  o th e r  tu b es  ( f i t t e d  w ith  p rom oters a ril th e  
square p ip e ) ,  the  same r e l a t i o n s  f o r  th e  c i r c u l a r  tube were 
used w ith  th e  fo llo w in g  c o r r e c t io n : -
v ( f o r  th e  c i r c u la r 1 tu b e ) =
H
t o
13*75
o r
N 0 .4 2 7
v ( f o r  any re q u ire d  tube) Hi  
1 3 .7 5
o r X
0 .4 2 7
i' a re a  o f  the c i r c u l a r  tu b e /  a re a  o f  th e  re q u ire d  tu b e /
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TABLE OKB
C a lib ra t io n  o f Thermocouples
M a te r ia l  : C opper-C onstan tine
E = 39.95 t  + (5 .2 4  x 1 0 -2} t 2 f o r  32 S.L.G-.
E = 39.22 t  + (5 .205 x 10 ) t  f o r  30 S.W.G.
E M-V
t  F
32
j 32 S r \G-. I 30 s .L .a .  
0
41 201 .06 197.42
50 404.74 397*42
59 611.04 600 i 05
68 819.96 805.28
77 1031.05 1012*89
86 1245.66 1223.53
95 1462.44 1436.56
104 1681.84 1652.20
113 1903.86 1870.44
122 2128.50 2091 .27
131 2355.76 2314.74
140 2585.64 2540.78
149 2818.14 2769.43
158 3053.26 3000.68
167 3291.00 3234.54
17 6 3531 .36 3472.99
185 3774.34 3712.05
194 4019.94
.
3951.71
203 4268*16 4-195.97
212 ... i 4519.00 4442 .84
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C a l ib ra t io n  o f  V e lo c ity  Gauges
For th e  1H i . d i  c i r c u l a r  p ipe
Yfater Gauge M ercury Gauge
u©-pdis
«H 0O U •P © *H 
§ H
HO
S> Ti
me
 
se
c*
 
j
L._ -
...
 
5
! 
' 
• ■ 
■ 
... 
' 
...
...
...
...
...
...
...
...
V
el
oc
ity
 
(v
)
| 
ft/
 
se
c*
I-.
.'.
. ..
...
...
...
... CMi>
bp k 0
gco fs 
pcj 0(D
3  0
: 35*90 420 0*554 0.308 3 .8
34.10 240 0.921 0.348 11.7
34.30 180 0.235 1.525 20.8
34.10 150 1.472 2.167 29.7
31.55 120 1.705 2.907 39 .6
34.90 120 1.885 3.552 4 9 .4
32 .40 100 2.100 4 .410 60.4
31.00 90 2.230 4.973 68.9
32.50 i
90 2.341 5.480 
......... .
75 .5
u0
§
OO H *P0 »H1 H  
HO
t>
I
•0<Dm
•HEh V
el
oc
ity
 
(v
) 
j 
ft
/s
ec
.
%
i
Ga
ug
e 
R
ea
di
ng
 
in
ch
 
of 
H
g.
i
37.1 107 2.245 5 .0 4 2.12
34i0 80 2*755 7 .5 9 3.12
32 .9 70 3.045 9.27 3.87
35 .0 65 3.490 12.18 5.12
35 .2 65 3.510 12.32 5 .3 0
35.5 60 3.839 14 .74 6.20
35 .0 55 4.125 17.01 7 .4 0
3 5 .4 50 4.590 21.07 9.00
35.7 45 5.140 26.42 11.10
34.2 40 5 .540 30.69 13.10
34 .5 40 5 .590 31.25 13.30
36.8 40 5 .960 35.52 14 .70
3 3 .0 35 6.110 37.33 15.45
34.8  . 1 35 6.440 41 .47 17.45 I____  —L
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TABID THREE
Heat T ra n s fe r  and P re ssu re  Drop fo r  th e  C ir c u la r  Pipe 
Specimen Log-Sheet T es t No. 6
In s id e  su rfa c e  a re a  o f th e  h ea ted  tube
V oltage  a c ro ss  h e a te r
C u rren t th rough  h e a te r
V e lo c ity  gauge re a d in g
P re ssu re  drop p e r  46 .3" o f  th e  tube
le n g th
= 0 .96  f t .
= 1 7 6  v o l t  
= 4 .95  Amp.
= 3 .05 in c h  Hg.
= 1 .83  in ch  w a te r
r .................... ............... ....I
Thermocouple No* 
(betw een h e a te r  
& guard  h e a te r )
e .m .f  •
/(■V
- h 6089th .1
-°i 6074
°2 7328th 9
°2 7390
7780
t h .j
-°3 7840
1___ 7430th
4
°4
7490
Thermocouple Ho, 
(w ater and tube  
s u r fa c e )
1
2
3
4
5
6
7
8 
9
10
11
12
13
th .2
t h
e .m .f  .
i t .  V
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TAHLJB FOUR
Average Heat T ra n s fe r  and P re ssu re  Drop f o r  Calmed T urbulence 
(betw een l / i r  = 0 & l / P  = 2(4)
-  C iro u la r  P ipe  -
Test
No.
B s L u /
ft?  hr, Vffc/ sec
t sm 
► F
twm
°F
A t
0
F
BJkl|/
0 .4
Ni/Pr Re
kfinch of
water/
46.5”
1
/ v.
6.565 60.6 56.735 3.865 801 83.2 43,050 8*05
2 5.764 61.1 56.761 4.339 715 74.3 37,800 6 .4
3 4.69 62.4 57.459 4.941 627 65 .2 31,000 4.45
4 4.062 63.7 58.399 5.301 584.5 61.1 27,220 3.45
5 3C97 3.354 62.95 56.762 6*188 499 51.8 22,000 2.5
6 2.702 66. 4 59.47 6*93 449 47.2 18,330 1.85
7 2.241 66.4 58.642 7.758 399 41.77 15,100
8 1.612 65*8 55.655 10.145 305 31.54 10,400 0.65
9 >( 1.14
68 55.046 12.954 239 24.6 7,320 0.36
10
1< 0.83 6O.4 54.089 6.311 180.5 18.53 5,250
0.2
11 1140 0.583 63.25 54.17 9.08 125.5 12.88 3,690 0.1
12 0.365 72.5 55.825 16.675 68.4 7.02 2,365 0.068
13 >( 0.296 63.65 55.21 8.2*4 54.4 5*6 1,900 0.047
14 ./K 0.166 65 #7 57.08 8.62 53.3 5.55 1,097 0.023
15 0.124 .
COvo 59.2 8 .8 52 .2 5.46 841 0.017
16 459 .5 0.089 68*6 59.97 8.63 53.1 5.6 609 0.014
17 0.069 71.5 63.26 8 .2 4 55.7 5.95 490 0.0105
18 
___ _
\ (
...... ..
0.038 73.7 65.19 8.51 53.9 5 .8 278 0.01
TABLE FIVE
_  "  U ^Hea t  T ra n s fe r  f o r  a  Tube o f  I n f i n i t e  Length ( )
*-> C irc u la r  P ipe  ~
!
Test B.Th.l/ Y t Jwm /4 t
h
B .T hJJ,
Q.4
W E r ReHo. f t ‘■hr. f t / sec srn°F F ~-°F ■ft?hr£F
1 / 6*565 60.85 56.7 4.15 74 6 77.5 43,000
, 2 6*764 61.4 56.8 4.6 672.5 69.8 37*800
3 4.69 62.65 57.6 5.05 613 63.8 31,100
4 4.062 63.95 58.4 5.55 558 58.4 27,250
3 3097 3.354 63.15 56.8 6.35 487 50.5 22,000
6 2.702 66.85 59.6 7.25 426.5 44.8 18,450
7 2.241 66.85 58.8 8.05 384.5 40.3 15,100
8 1.612 66.25 55.4 10.85 285 29.4 10,390
9 \ 1.14 68.9 55.4 13.5 229 23.6 7*350
10
*\ 0.83 60.9 54.25 6.65 171.5 17.6 5*260
11 1140 0.583 63.9 54.4 9.5 120 12.32 3*640
12 J 0.365 74.95 55.6 19.35 59 6.1 2*360
13 /\ O.296 67. 57.5 9.5 48.3 5.03 1*962
14 0.166 67.05 57.7 9.35 49.1 5.11 1,112
15 0.124 69.6 60 9.6 47.8 5.04 852
16 459.5 0.089 70.05 60.85 9.2 49.95 5.27 620
17 0.069 73.5 64.75 8.75 52.8 3.58 500
18 ' 0.038 76.2 67.35 8.85 51.9 5.67 284
.... ............
^ See C hap ter V I, p *55*
TABLE SIX
/
Local Heat Transfer for the Circular Pipe 
X = Nul  j [  P°r£ 1 [ ( i / d ) ~ ° ’1}31  & ^  a  arithmetic mean o f X 
X a Nu^  j Cfa/D) ^  ^ J  & Ym a arithmetic mean o f Y
Test
No
a
B.Th.Uftinr. I/D 1 2 4 6 8 10
\ A t  °p 3.1 3.45 3.85 4 4.1 4.15
hT B.Th. IL /  
. ftlhr. °P
Sr ^
995.3 896 804 774
56*6
755 746
i
103.5 93.3 8 3.5 80.5 78.5 77.5
X
103.5 102 107 102.2 103.5 102.8
t£— 1
I -f. *m = 103.64 & Re^ ). ~z r\r\r\ ^I N ... ^
j A t  °p 3 .4 3.8 4.25 4.45 4 .5 4 .6
> 3097
hT B.Th, ti./ 
L ftihr. 4  
t °p 
0 .4  
Nu^ Erj.
910
94.6
814
84.7
728
75.6
695
56.55
7 2 .2
687
71.35
672.5
69 .8
I 'XI 94*6 92.8 91.3 91.8 1 93.9 91 .6
•<  ^.----  -
4.25
92*88 Sz ReT = 37.800 — r>
y,
0F 3.8 4.75 4.96
j
5.05 5.05
t*
hr B.Th. it./ 
ft§hr. °T?
\  Py
814 729 652 625
57.3
613 613
^ i/^ L 0*4 84.7 75.9 #7.8 65 63.85 63.85
x . 84.7 83.1 82.6 82.6 84 84
< \ (
<r—.--- ^  = 83.4
L____i............
& Re^ = 31,100  ---->
-... ..... i ....  . .
^ See Chapter VI p. 54-*
TABLE SIX (Continued)
L ocal H eat T ra n s fe r  f o r  th e  C irc u la r  P ipe
117*
Test
No
1
B.Th.U 
f t  4 h r L/D 1 8 10 12
V
7
I Vi
3097
A t  °F
hL B.Th.U / 
f t ? h r .° F  
t  °F
X
4.1
753
79
79
4 .55
630
71
77.8
5.1
607
63.5
76.5
5.4
574
58.2
60
76.4
5.5 
5 63
58.9
77*6
\  = 77.46 & ReL = 27,250
A t F 4.75! 5.35 5.9 6.2  6.25
hT B .Th.U /
X
A t
0 .4
651
67.5
67.5
579
60
65.7
524
54.4
65.5
^r
51.4 
67.7
^  = 66.5  & ReL = 22,000
500
56.5
51.9
66
495
F
hL B .T h .tr/
f t t h r . ° P
X
5.35
579
60.7
60.7
6.1 
507.5
53.2
58o3
6.8
455
47.7
57.5
7 .05
439
59 .13
46
58.5
7.15 
433
45.4
59.8
A t F
hT B .T h .u / 
¥fc?hr.°P
N ii[/P r£#if
X
6.1
507
\  = 58.96 & ReL = 18,450
7.95
52.9
52.9
6.75
459
47.8
52.3
7.45
415
43.3
52.1
7.8
397
58.2
41 .4
52.5
389
40.6
53.6
V
X^  = 52.3  & ReL = 15,100
5.55
558
58.25 
77.5 !
6.3
491
51
67.5
7.2
430
6.35
W
50.5
7.25
426.5
44.65
TABLE SIX (Continued)
118
Local Heat Transfer for the Circular Pipe
Te st  
No
1
B.Th* 
U /ftSr
I/D 1 b 8 10 12 14-
8
 v
10
■Jt
11
A
3097
1140
X
A t °F
f t i  hr.E 
t  °P 'to £
, 0 .4Huj/Ett
ReT
hrE.Th.U/
rt?h3?,°P
, 0 .4  
Nui/PrL 
Y
Afc °p
hrB.Th.U/
f t ? h r .° F
Y
A t °F
h-B.Th.U/
rt?hr.°P
Nul / P rL*4
Y
6.85
451
46.5
f —
7.95
389
9.2 
[536.5
40.1 I 34.7
. 9*9
312*5 
. 55 
32.2 
10,390-
10.3
300
30.9
10.65
290
29.9
10.8
286.5
29.5
10.85
285
29.4
->
8.6
359.5
36.95
36.95
4-Ym =
4.3
265
27.17
27.17
=
9.9 11.55 12.45 12.95 13.3 1 3 .4 13.5
313 268 249.5 239 232.5 231 229
54.3
32.16 27 .6 25.65 24.55 23.9 23.75 23.54
36.5 36.4 3 6.6 37 36.9 37.1
- & Pev -  -7 -aicri• Jj *
4.9 5.8 60 25 6.4 6*55 6.6 6.65
232.5 196.5 182.3 178 174. 172 .8 171 #5
53.7
23.8 20.1 18.7 18*65 17.8 17.7 17.57
27 26.5 26.7 28 28.1 28.2
1 ’
27.12  & R&l -  5 ,260__ ------------ >
6.1 7.15 8.5
187 ,59.5 134
19.15 16.31 13.7
19.15 18.55 18.1
125.2 f122 
53.6
12.81
18.35 I8.9
9.35 9.45 9.45
12.5
120.8
12.36
18.9
<-Ym = 18,62 & ReL = 3s640
120.8
12.36
18.95
9.5
120
12,29
.119.
TABLE smm
Average Heat Transfer and Pressure Drop fo r  the Tube
P itte d  w ith  Turbulene Promoter a
X = l V Pri
o.v
p  
0 .4
-1 0 ,4  Sep0 *^
T = [N u ^ P r  * ]  a t  (Ree = Re )
lest1
No.
. . A x
Ih %
/ p
tt/sn.
itSm
°F
I t  Won
^  t Jr
A t
op
r 
ar*
 t
o
I 
T Nu-p
fiT57* '
y
j
R e to X Y XY
Y p
V-* . 
w<Lt e.v*7
19
>* ..)\
6.91 5 1 .9 k&«5k 3 .36 920 92.24 40*400 1 0 4 .4 82 1.27 32.76
20 5 .3 4 52 .7 4 9 .0 4 3 .66 847 85 31,550 97.5 69 1.41 20.16
21 3.66 50 .3 46.1 > . 2 737 7 2 .9 19,500 86 48 1 .79 12
22
;*N
(>•
0
2.48 51 .8 46 .32 5 .4 8 566 56 • 14,050 67.7 37 2.01 6.23
23
K)
I\L 1 .3 4 5 3 .9 46 .82 7 .0 8 437 43 .2 7,625 55 23.5 2 .3 4 2 .4
24 1 0*59 51*3 47 .56 3 .7 4 305 3 0 .4 3,380 4 2 .5 12 .7 3.35 0.65
25 0 .19 59 52.07 6.33 164.7 16.76 1 ,138 27 .9 4 .9 0.143
26 s.L 0 .0 4 7 5 .4 61.35 14.05 81 ,2 8 .6 2 280 21 *0l 0.033
27
Q
0 .08 67*2 53.72 13 .48 84 .6 8 .6 6 468.5 20 .2 - 0 .049
28 0 .19 55.5 4 8 .34 7 .1 6 159 1 5 .9 1,091 29 .5 5 .5 5*36
29
2-4HJA0.61
50 .2 45 .58 4 .6 2 246.5 24.33 3,400 35 .9 12 .8 2.81 0.65
30 1 .81 51 : 43.81 7 .1 9 431 42 9,840 5 1 .4 28 .5 1 .8 3 .3
31 3 .6 4 4 8 .9 43 .65 5 .2 5 591 57 .5 19,700 6 7 .4 48 1.41 10.1
32 5 .3 4 5 1 .6 47 .6 4 3 .9 6 784 78 30,800 90.3 67 .8 1 .33 17 .64
33
34
J
>
L\ &O
IV )
6 .9 4
6 .69
50.5
4 6 .7
4 6 .9 4
42 .69
3 .5 6
4.01
868
774
8 6 .4
7 4 .9
39,600
35,350
9?
85
81
75
1 .2
1.13
28.98
22 .7
35 !3 .8 4 45*5 40 .29 5.21 595 56 .75 19,600 7 3 .5 48 1.53 8 .9 4
36 H i
i
1.81 4 8 .4 40.62 7 .7 8 398 38 9,320 53 .5 27.1 1.97 2.61
37 0 .6 4 7 .5 42 .7 4 .8 237 22.96 3 ,200 39 12.1 3.22 0 .48
1 2 0 ,
TABLE SEVEN (Continued)
Average Heat Transfer and Pressure Dron fo r  the Tube
P itte d  w ith  Turbulence Promoters
k&t
hfc
p
D
e ih  v f
Ft* hr.
vp
f-tjseC'
Stv* t "W in
afZ
At
° F
BTKlV
P X Y
X
Vr
Xinch ,• irt&t&Y-/
H - i ' i
3® tj''A 1140
0 .16 58 .5 47.1 11*_4 100 10.04 908 25 4 .8 5 .2 .098
39 459 .5 0.05 5 6 .4 4 8 .8 7*6 6 0 ,4 6,05 297.7 1 7 .9 - - .036
40 /Nl 459.5 0 .06 59 .2 51.66 7 *54. 61 6 ,19 380.3 - - - .025
4-1 1140 0 .18 60 ,7 47.53 13*17 86.9 8 .65 995 26.7 5.1 5 .23 , .083
42 ’ 1140 0 .6 4 8 .5 42.29 6 ,2 1 1184 17.77 3 ,180 34.8 12 2 .9 0 .46
43 in 1
A
2.51 48 .5 41.12 7*38 419.5 40,25 13 ,000 61 35 1 .7 4 3.65
44 iA 4*99 47 .7 43 .06 4 .6 4
681 66.1 26,400 8 9 .4 60.5 1 .48 11.85
45 6 .9 4.5*1 41*19 3*91 792 76 35,800 97.8 76 1 .28 20.2v/
bjo / 3097 6.85 51.1 47 .19 3.91 792 78.6 39,260 109 81 1.35 18.05
47 5.25 5 2 .8 48 .3 9 4.41 703 70.5 30,640 103 67 1 .5 4 11.25
48 3 .28 50 ,6 44 .49 6.11 508 49*9 18,000 79 45 1.75 4 .95
49
t \/
1 .58 55 .9 46.02 9.88 313 21 8,900 57 ,7 26.3 2 ,1 9 1 .38
50 T 0 .1 9 53 47 6 76.58 7.61 1,095 31 .6 5 .5 5 .7 5 0.11
51 \ 459.5 .08 58 50.08 7 .9 2 58 5 .87 487 M .. 0.032
'I T
52 0 ,07 60.3 52,28 8 .02 57 .3 5 .8 4 42 5 .6 - 7 0.026
53 / 0 .19 5 6 .4 49 .04 7 .3 6 6 2 ,4 7 .2 1 ,090 - 0.071
54 1140 0 .63 51 .9 44*26 ; 7 .6 4 149,2 14 ,5 3,435 42.1 1 2 .9 3 .26 0 .38
55 -cL
,/V
1 .56 56 45,23 10.77 287.5 28 .3 8 ,680 59 26 2.27 1.32
56
vT
3.65 50 ,7 44.75 5 .95 520 51 20,100 85 4 9 .5 1 .8 9 6
57 309-7 5 .16 53.2 48,45 4 .75 651 65 .2 30,200 100 67 1 .4 9 10.87
58
N/ ■1
6.91 51 46 .89 4.11 753 74-. 6 39,400 111 i|
81 .5 1 .3 6 18.3
121.
TABLE EIGHT
L ocal Heat Transfer for th e  Tube F it te d  w ith  Turbulence Promoters
l y  i n  B .T h .U ./f t^  h r .° P  & Z V t i n  °F
T est
No
P itch
inch
iij 
^J«
i
1 2 4 6 8 10 12
Up to
LLnr
19 j < A t 2 .6 2.95 3 .3 3 .4
hL 1190 1050 939 911
20 A t 2 .9 3 .2 3 .6 3.75
1068 969 860 826
21 3097 A t 3 .9 4 .2 4 .4 5 4 .5
'\ . 793 738 696 688
22 A t 4 .4 4 .8 5 5 .3 5 .6 5 .7
to K. 704 638 584 553 543
23 A t 6 6.65 7 7 .15 7 .2
1} 316 465 442 4 .33 435
24 V\ A-t 3 .3 3 .7 3 .8 3 .85 3 .9c
He 346 308 300 296 294
23 5 .2 5 .9 6*65 6*9 6.95
Hl. 219 193 171.5 165 164
26 A v t 11.2 13 .3 15.1 15 .2 15.25
L'L 101 .8 85 .8 7 5 .6 75 , [74.8
27 1140 A*t 9 .4 1 0 .7 12*6 13 .3 13 .8  14.2 14*4
h u 121 .2 106 .4 91 .1 85.75 8 2 .5 i80.25 79.1
28 A t 5 .9 6*4 7 7 .15 7 .3
lu 193 178 163 159 .4 156
29 •A-i. 3 .9 4 .4 4*8 4 .8 5 4 .9
vO ' i bjj 292.5 259 237.5 235 232.5
30 / A t 6.05 6 .7 7 .15 7 .25 7 .35
512 462.5 433 427 421
31 A -t 4 .4 49 5 .25 53 5 .4
705 632.5 590 585 574
32 A t 3.25 3 .7 4 4 .0 5
944 837 775 765
33 A t 2 .9 3 .4 3 .7 3 .8
3097 1065 910 835 815
34 A t 3 .2 3 .7 3 .9 4
967.5 836 794 774
35 A rt 4 .1 5 4 .6 5.1 5 .15
K. 746 683 607.5 600
36 A t 6 .4 7 7 .6 5 7 .95
K) S . 4234 442.5 405 390
37 i\ A t 3 .75 4 .2 4 .6 5 4*9z • •+ ' 304 281 245 232
38 th 1140 A t 7 .8 9.15 10*7 1 1 .4 11 .6111 .7 11 .9
I 146 124.6 106.5 100 98 .4 97 95.8
. . . .  ............
I
__  J.. - -----------
1 2 2
TABLE EIGHT (Continued)
Local Heat Transfer fo r  the Tube B itted  with 
Turbulence Promoters
1 2 4 6
........ ..
8
J
I
10 12
Flip i
44
4 .4 5 6 7 .05 7 .5 7 .9
103.2 7 6 .6 65.2 61,3 58 .2
4 .92 5 ,8 9 7 7 .55 7 .85 8 8 . I 4 BeVQ
93 .4 78 65.6 60*9 58.5.9 57.5 56 .5 5 6 ,9
8.1 9 .8 11,95 13 1 3 .4 13.6 13 ud
141 116 .4 95.5 8 7 .8 85.1 83 .6 82 .7
4 .8 8 5 .5 7 6.28 6 .if5 6*52 6 ,56
233.7 204.7 181,7 176 .8 175 173.8
5 .9 6.62 7 .2 5 7 .5 2 7*6
525 468 427.3 412 W . 7 408
3 .7 4 ,2 4 .5 8 4 .7 3 4 .8 5
837.5 738 67 6 655 640
3 .12 3 .57 3.92 4.01 4,1
993.5 868 790 772-5 656
3 .43 3.71 3.95 4 4.05 4 .0 7
904 835 785 775 765 761
3 .65 4 .0 6 4 .3 6 4 .5 3 4 .6 4 .6 7 4 .6 8 4 .6 6
849 763 710 684 674 663.5 662 665
4 .9 9 5 .4 6 6 .26 6.38 6 .4
621 570 516 495 485.5 2*84
7.1 8 .0 7 9,09 9.67 9.95 1 0 / 4 10 .3
436 .5 384 341 320.3 311 .4 305.3 301
3.41 4 .0 8 5 .05 5 .75 6 6 .2 4 6.32 6.43
134.7 112.6 91 8 0 .4 7 6 .6 73 .72 72.75 71 .5
4 .7 5 .4 8 6.46 7 .1 5 7 .65 7.9 8.1 8 .2
97 .9 84 71.1 64.35 60.1 58*22 56.75 56
5 .2 4 6*17 7 .4 6 8 8 .1 9 8 .3 8 .35 8 ,55
87.75 7 4 .5 61 .6 57 .5 56*1 5 5 .4 55 53.75
3 .98 4 .7 5 .65 6.18 6 .5 6 .8 6 .9 8 .25
115.3 97.8 8 1 ,4 7 4 .6 70,74 6 7 * 6 66 .6 5 5 .7
5 .5 3 6 .52 7 .43 7 .7 7 .8 6 7 .9 2 7 .9 7 .92
206 175 153.5 148 145 144 144,3 144
8 .0 8 9 .2 10.25 10.78 10 ,96 11 11 .07
383.8 337 302 287.7 283 282 280
5 .25 5*8 6.11 6.22 6 .19 6o2
590 5 3 4 ' 507 ' 497 .5 500 499
4 4 .4 6 4 .8 6 4 .9 4 .92 4 .9 7 4,39~’
775 695 637.5 632.5 630 623.5 620 .6
3 .4 4 3 .8 4 ■4.-15 4 .2 7 4 .2  5 4 ,2 6 4 .2 9
900
»_L
806 746 730 728.5 726.5 722
Test 
No u q# / B*Th.U/
f t?  hr#
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
C\Q
I
Vo
NO
Or
c
Vi
I
/K
4-Vi
.£
•H
t
459.5
1140
A
A
3097
\ r '
459.5
A
—jL ,
1140
“ T "
3097
/I t
ZLt
hL
/V t
hL
/N t
i t
&
£ t t .
i Lt
&
^ t
hL-A t
hL
/ > t
^ t
*L t
& t
i t
hL
^ t
13 ^ t
hL/ I t
hL
2 ^ t
hT
TABLE NIKE
Isotherm al Pressure Drop in  the Empty Tube arid Tube B itte d
w ith  Turbulence Promoters
v & v in  f t / s e e  • h n & h_ in  inch o f water
p f  fp
____ ■ __________________    per 46 .5” tube length
Empty Tube P i tc h 1 in1lf4 P i tc h 1 ix 9 .6 P itc h 1 in ^ 4 4 5
V f V P hfp
VP hfp
V
. .P.._ _ fp  ...
0 .319 0.035 0 .0 5 4 0.031 0,041 0 ,024 0 .039 0.016
0.366 0.130 0 .118 0.059 0.095 0.044 0.057 0.022
0.809 0.229 0 .23 0.096 0 .266 0.102 0*129 0 .049
1.219 O.42 0.4-16 0.18 0.462 0.35 0 .306 0.157
1.72 0 .76 0*844 0.487 1.055 0 ,75 0.458 0 .282
1.967 0.94- 1.008 0.63 1 .53 1 .3 1.131 1 .0 0
2.228 1 *16 1.285 0 .97 2.1 2 .3 1.378 1.42
2.332 1.27 1 .821 1.82 2 .5 3.15 1.665 1.87
2 .739 1 .7 2 .07 2.25 2 .95 4 .2 1 .8 9 2 .27
3.4-93 2.68 2.84- 3.85 3.295 5 .0 2.11 2.75
3.701 ■2.93 3.27 5 .00 3*64 6.05 2 .29 3.1
4 .079 3.45 3 .65 6.03 3 .9 9 7*1 2 ,48 3 .62
4 .6 2 6 4-35 4-.07 7 .15 4 .4 5 8 .6 3.1 5 .28
4-. 87 9 4-75 4-56 8 .7 4 .8 8 9 .9 3 .26 5 .75
3.114- 5.1 5 .0 5 10.35 5.31 11 .5 3 .58 6.75
3 .568 5 .8 5 .4 5 11.8 5 .65 12.85 3 .86 7*65
5 .788 6 .3 5 .9 1 3 .4 6 .0 9 14—6
6 . 164. 7 .0 5 6*26 14.85 6 .3 4 15 .8 .
6.31-7 7.4- 6 .57 16.1 6 .5 8 16.95
6.693 8 .25 6*9 17*3 6 .8 9 1 8 .2
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TABLE TM
R a tio s  Between th e  Power o f  Each Prom oter and  o f  Empty Tube 
R = R a tio  o f  power = / ( h f p - V / (h f e x V e l W Ae 7
ve and Vp i n  f t  • /s e c  *
h ^  and i n  in c h  o f w a te r p e r  46.5'* o f  th e  tu b e  le n g th
h~or
bp B*
m .u . /
Empty
tu b e
P i to h  1 i n  2*31 P i tc h  1 i n  2 .6 4 P i tc h  1 i n  3 .6  |
i t ? h r . V h R \l h R v h„ R°F e fe p fp P fp P fp
900 7 .4 9 .6 5 .7 22 .6 1.71
800 6 .4 7 .4 4*4 15 1.31 5 .6 19.1 2 .13
700 5 .3 5 .4 3.35 10 1.1 4 .25 1 2 .4 1 .73 5.1 13 .8 2.31
600 4 .25 3.75 2 .4 4 6.1 0 .88 3.1 7*7 1.41 3 .8 8 .7 1 .96
500 3 .2 8 2*4 1 .67 3 .4 0*68 2,15 4*4 1 .1 4 2 .68 5 .0 1 .6
400 2 .4 1.4> 1 .06 1 ±65 0 .48 1 .4 2 .3 0 ,88 1 .7 4 2*52 1.21
300 1*61 0.73 0 .5 9 0 ,68 0.32 0 .7 9 0.92 0 .5 8 1 .0 1,02 0 .82
200 0*94 0 .29 0 .2  6 0 .18 0 .16 0 .3 6 0 .26 0*32 0 .47 0*31 0 .5
180 0 .82 0.23 0.21 0 .1 4 0 . i 4 0 .3 0 .19 0 .28 0 .39 0.23 0 .43
160 0 .7 2 0.18 0 .1 6 0.11 0.13 0 .2 4 0 .1 4 0 .25 0.31 0 ,16 0 .35
140 0 .63 0*15 0*13 0 .09 0.11 0 ,18 0.11 0 .2 0 .2 4 0 .13 0 .32
120 0 .56 0.12 0 .0 9 0 ,07 0.08 0.13 0 .09 0 .1 6 0 .1 8 0.1 0 .26
100 0 .48 0 .09 0 ,0 6 0 .05 0 .06 0 .0 9 0.06 0 .12 0 .13 0.08 0 .2
90 0 .4 5 0.08 0 .05 0 .0 4 0*05 0 .08 0.05 0*1 0.1 0.07 0 .17
80 0 .42
■
0.07 0 .0 4 0.03 0 .0 4 0 .0 6 0 .0 4 0 .0 7 0 .0 8 0 .06 0 ,15
Empty tube P i to h  1 i n  5 .445 P ito h  1 i n  9 .6 P i tc h  1 in  14 .4
700 5*3 5 .4 5 .0 10.1 1 .66
600 4 .2 5 3 .75 4 .0 8 .2 2 .06 3 .95 6*9 1 *61 4 .25 7 .2 1.93
500 3 .28 2 .4 2 .9  5 4 .95 1 .86 3*02 4 .5 1.62 3 .28 4.75 1 .9 9
400 2 .4 1 .42 2 .0 4 2.75 1.65 2 .2 2 .65 1*61 2 .4 2 .8 4 1.99
300 1.61 0.73 1 .2 9 1 .2 8 1.41 1 .4 4 1 .32 1 .52 1 .6 1 .4 4 1.96
200 0 .9 4 0 .29 0.66 0 .43 1.03 0.81 0.51 1.42 0 .92 0 .58 1 .8 4
180 0 .82 0 .23 0 .56 0 .33 0 .96 0 .7 0 0 .4 1 .3 9 0 .7 9 0.45 1.76
160 0 .72 0 .18 0 .46 0 .23 0 .82 0 .59 0 .2 9 1.22 O.67 0 .3 4 1 .62
140 0 .63 0 .15 0.37 0 .17 0 .65 0 .4 9 0 .2 2 1.05 0 .56 0.25 1.46
120 0 .56 0 .12 0 .2 9 0 .13 0 .5 6 0 .3 9 0.15 0 .7 9 0 .45 0.17 1*07
100 0 .48 0 .0 9 0.21 0.1 0*47 0 .3 0.11 0 .68 0.35 0 .1 4 1.01
90 0 .4 5 0.08 0.18 0 .0 9 0 .4 0 .25 0.1 0 .6
80 0 .42 0.07 0 .15 0 .0 8 0 .38 0.21 0 .0 9 0 .5 7 -
1 2 5 .
TABLE ELEVEN
Average Heat T ra n s fe r  and P re ssu re  Drop f o r  th e  Square P ipe  
>
(Between L /Dq a 0 & L/Dp = 36)
q f o r  a l l  t e s t s  = 2158 B o T h .U /f t.h r .
!
Test
No
M
l b /h r
V
f t /  sec
t sm
°F
t wm
F
Z\t j
Q.. IF
h
B.Th.U/ 
f t  hr9F
0 . 4 | f t / P r ^  
N u/Fr |/h jjy^ .^ j
;
Re '
hp
in c h  o f
water/
2 8 .4 ”
59 921 0*95 67*4 57*73 9.67 222.8 18 .36 20.78 4 ,980
60 975 1*00 76*89 68.29 8 .6 250.5 21 .6 4 24 .2 6,010 0.228
61 1228 1 .26 77*99 70.78 7.21 299 25.78 28.82 7? 850 0.348
62 1500 1 *55 65 .8 59*7 . 6.1 353 29*4 33.35 8 ,360 0.509
63 1390 1.43 77*6 70 .98 6.62 325*8 28 3 1 .4 8 ,910 0.422
64 1630 1 .7 65.5 59*11 6 .39 337 27.92 31.78 9,100 0.603
65 1565 1 .62 76.1 70 .43 5 .67 380 32 .8 36.95 9,950 0.502
66 1970 2 .03 66.2 60.82j- 5 .3 6 402.5 33 .8 38 .3 11,150 0.816
67 2100 2 .17 68.34 63.12 5 .2 2 413 34.88 39*58 12,240 0 .9
68 2270 2*34 68.45 63.78 4*67 462 39*45 44 .7 13,300
69 2420 2 .49 67.96 63*53 4*43 487 41 .1 46*7 14,120 1.149
70 2540 2 .62 68.12 63.76 4 .3 6 496 42*3 47*9 14,890 1.22
71 2690 2 .77 68.45 64.5 3*95 548 4 6 .4 52*4 16,000 1.319
. 72 2820 2*92 68 .54 64 .64 3 .90 552 48 5 3 .4 16,750 11.428I
73 2970 3*06 68.39 64.63 3 .76 572 .5 4 8 .8 55*5 17,590 1 .55
74 3130iii
3 .23 68.16 
. _
64.42 3 .7 4 585 4 9 .6 5 6 .9 18,450 1.698
I
TABLE TWELVE
Heat Transfer for a Tube of Infinite Length (h^,) 
(Between L/P^  = 13 & l / l u = 36)
-  Square Pipe -
Test
No
q
B.ThZJ
/ f t ?
hr*
Y
f t /s e o
t sm
°P
tvan
°F °F
:
h©o
B.ThU/
ft?h r .
Oji
Omk
Nq/Pr Q-lh
Ik / u  \ V*// w/
©
i i -i
59
/\
0 .95 68 .2 51*99 10.21 211 17 .39 19.65 5 ,000
60 1 .0 0 77 .55 68*54 9.01 239.8 18.05 20.22 6 ,040
61 1 .2 6 78 ,U 8 70*98 7 .5 0 287.8 25.1 28.1 7 ,8 5 0
62 1 .5 5 66.35 59*86 6.49 333 27 .7 3 1 .4 8 ,3 6 0
63 1 .43 77.85 71 .16 6.69 322 27.75 31.03 8 ,9 1 0
64 1 .7 65.82 59 .25 6.57 328 27.2 30 .9 9,100
65 1 .6 2 7 6 ^ 2 70 .5 8 5 .8 4 369.8 32.15 3 6 .4 9,960
66 2158 2.03 66 .39 60.96 5.43 397 33.3 37 .7 11,150
67 2 .17 68.59 63.23 5 .3 6 395 33 .4 37.82 12,240
68 2 .3 4 68.68 63 .89 4 .7 9 450 38.2 4 3 .3 13,300
69 2 .4 9 68.15 63.63 4 .52 476 40.25 4 5 .6 14,120
70 2 .62 68.25 63*86 4 .3 9 490 4 1 .6 47.1 14,890
71 2 .77 68.52 64.56 3.96 545 46 .3 5 2 .5 15,900
72 2*92 68 .6 64.73 3.87 557 4 7 .4 5 3 .7 16,750
73 3 .06 6 8 .4 2 64*71 3.71 580 4 9 .4 56*1 17,590
74
. _____________ ' I
3.23 68 .2
------------
64 .49 3 .7 0 582 49 .3 56 18,450
TABLE THIRTEEN- 
Local Heat Transfer for the Square Pipe
q for a ll the tests = 2158 B.Th.U/ft^hr.
/ \  t in °F & h^  in B.Th«U/ft*hr.°F«
Test
No. . . . .
I/De 1 2 4 *
i
8 h o 12
59 A t 6*57 7 .3 8 .53 9.3 9 .8 10,08 10 .2
hL 328 295.5 252.6 232 220 214 211.5
60 A t 6*18 6.92 7 .9 8 .45 8 .8 9 9.1
hL 349 312 273 255 245 239.5 237
61 .A t 5.55 6.03 6.73 7 .07 7 .3 5 7 .5 7 .5
388 357.5 320 305 293.5 287.5 287*5
62 <At 5 .17 5 .45 5 .93 6.23 6 .4 4 6.53 6 .56
417 395.5 364 346 335 330 328.6
65 A t 4 .7 7 5 .06 5.41 5.67 5 .7 5 5*84 5 .95
h j 452 426 398.5 380 375 369 365
67 A t 4 .5 4 .7 5 5.1 5 .3 5 .3 9 5 .47 5 .4 7
479 454 422 407 400 394. 394
68 A t 4 .05 4 .2 6 4 .63 4 .7 6 4 .85 4 .9 2 4 .9 4
532.2 506 466 455 kk5 438.5 436.5
69 A t 3*95 4 .1 4 4 .3 4 .42 4 .4 5 4 .5 4 .5 6
hL 546 520 501 488 485 479 477
71 A t 3 .8 3 .9 3.92 3 .95 3 .97 3 .98 3 .99
* L
567 553 550 546 543 542 540
73 A t 3.65 3 .75 3.82 3 .82 3.82 3.82 3 .82
*
590 575
...... -....
565 565 565
L.. __
565 565
.
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TABLE FOURTEEN
Power R equ ired  f o r  b o th  Square P ipe and E q u iv a len t 
C irc u la r  P ip e  a t  th e  Same C o e f f ic ie n ts  o f  Heat T ran s fe r .
(L/Dq o r  L/D = 36)
iif  in  in ch es  o f w a te r  p e r  p ipe  le n g th  (L=36Dq o r  L=36d) 
P = power i n  f t . l b , / h r .
R = (Power f o r  square p ip e )/(P o w er f o r  th e  e q u iv a le n t
c i r c u l a r  p ip e )
h
B.Th.U/
f t ? h r .
°P
Square P ipe E q u iv a len t C irc u la r  P ipe
RM
l b . / h r hf
P -M 
l b . / h r . hjpi
T
P
230 990 0 .2 4 4 20.1 840 0.375 26.25 0 .764
30 0 1250 0.36 37 .6 1065 0 .56 49 .7 0 .755
350 1530 0 .53 67.5 1300 0 .8 86.5 0 ,78
400 1800 0 .68 102.0 1530 1.05 134 0 .76
450 2100 O.89 155.8 1780 1.37 204.5 0 .76
500 2400 1.13 226.0 2040 1 .7 4 296 0.762
550 2700 1 .38 310.0 2290 2 .12 405 0 .765
600 3000 1 .65 412 .0 2550 2.55 541 0 .76
TABLE FIFTEEN 
Observations of Row Tube Tests.
1 2 9 .
{
T est No.
..............
75 76 77 78 79 80 81 j 82 83 84 85
,
•107 ....n e a r e r  v oxuage 
1f
liwuUox jf-iiiijjo <£r-
i 2 .7
h« inches  f  w a te r 1.89 2.78 8.07 14.9 25.45 39 .7 54 .9 71.95 97.1 124
Mr lb /h r 27.46 65.56 125 .4 215.9 294.8 398.6 511.9 64X5 7P.6 855 976
T t h i
H
E 1
H
M 2 
0
c 3 
0
u 4  
F
L 5
60.95 60.75 48.05 47.75 47 .15 4 4 .5 41 .3 43 .4 . 41 .75 4 3 .3 . 42 .25
81.5 76.05 60 .5 57 .7 56.75 5 2 .7 50 51 .6 50.1 50 .9 49 .25
77.35 70 .75 55.9 53.75 52.9 4 9 .4 45 .75 48 .05 46 .3 47.25 46 .25
79 .5 71 .6 57/2 54.65 53 .8 50 .3 46.75 4 8 .7 46 .7 4 7 .8 46.75
81 .6 74 .05 57*85 56 54*6 50 .8 47*5 49 .55 47 .6 4 8 .8 ., 47 .6
80.25 71 .25 55.85 5 3 .4 52.1 48 .8 45.05 47 .15 45 .25 46 .3 4 5 .2
E
6
R
E 7 
A
D 8
84 .05 73 .75 58 55.05 53 .75 50 .6 46.85 4 8 .8 47 .15 48 .25 4 7 .2
85 .7 74 .5 57 .85 54.75 53 .6 49 .8 4 6 .4 48 .45 46 .25 47 .5 46 .45
87.15 7 5 .5 58 .3 55 53 .75 5 0 .4 4 6 .5 4 8 .5 46*4 47 .3 46 .45
±
N 9 88.55 76 .05 58 .5 55.1 53 .45 4 9 .9 45 .75 4 8 .2 4 6 .4 47 .25 4 5 .8
Gr
10 93.85 78 .8 60.9 57.25 55 .8 51.85 47.75 5 0 .3 47 .8 48 .7 47 .75
0
p 11 96.1 79-75 61 .5 57 .3 56 52 .2 48 .25 50.25 48 49.25 47.85
12 94.55 77 58 .05 53.75 52 .2 48 .45 44 .6 4 6 .4 44 4 5 .7 44*4
13 102.4 8 0 .5 60 55.05 5 3 .3 49 .5 45 .15 47 .05 44 .7 4 6 .7 4 5 .2
14 109.5 8 5 .2 64.15 58 .2 5 6 .3 52.25 ,2jB.25 4 9 .3 46 .9 48 .8 47 .7
15 109.2
i i ■■... -.. .
83 60.9 55*4 5 3 .4 4 9 .3 44 .75 4 6 .4 44 .2 46.05 44*6
TABLE FIFTEEN (Continued) 
Observations o f Row Tube T ests.
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Test No. . 86 87 88 89 90 91 92 93 94 95 96
f
■197 . .  . . . . . .  -v
I
TTpo+'p.Y* AnvrSc! <4_ 9 7 Hl .llvAv vX lUli>Uwi '•
h  inclieail 55*8 
f  water; 181.5
207 236 3.28 378 461 515 561 ; «■*
Mr  lb /h r j  1101 1210 1310 1487 1711 1849 2196 2302 2429 2600 2960
T th .X 144.75 45 .6 4 3 .4 52.45 63.05 51.55 50.6 65 .4 62 .4 62.55 62.9
H
E 1 51 .7 5 2 .4 50.9 59 .3 6 9 .4 58 .3 57 .7 73.95 69.6 70 .3 68.8
R
M 2 48 .55 49 47 .3 56 .3 66.75 55.1 53.9 69.5 65 .8 66 65.9
0
C 3 49 49.55 47 .7 56.65 66.8 55.1 54.25 69 .5 65.75 66 66
0
U 4 50 50.6 48 .75 57 .7 68.6 57 55.15 70 .9 67 .5 68.2 68.1
P
L 5 4 7 .5 48 .35 46 .25 55 .5 65.5 54.25 53 .25 68.45 64.95 65.15 65.25
E
6 49 50.25 48 57 .2 6 7 .4 55 .8 55 .05 70 .2 66.75 66.85 6 7 .4
R 7 4 8 .7 49 .3 47 .2 56 .3 66.75 55.1 5 4 .2 69 .3 65.75 65.7 66 .3
E
A 8 4 8 .5 49 .25 47 56 66.75 55 .05 53 .05 69.2 65.7 65.95 66.25
D
I 9 49 49.25 46 .85 55 .9 66.95 55.05 5 4 .4 68.6 65.45 65.9 65.8
N
0  10 4 9 .7 50.85 48 .5 58 68 .3  . 56 .6 56 .2 71 6 7 .4 67 .9 67.75
11
0
50 .25 51 48.6 58.1 68 .2 56.55 55 .6 70 .75 67.25 6 7 .4 67.7
E 12 46 .75 4 7 .5 44.95 53 .8 64.75 53 52 67.05 63.75 63.5 64.2
13 47 .75 48 .2 45.75 54.65 65.25 53.75 5 2 .5 68 64.3 64.45 65
j  14 49 .75 50 .7 48 .2 56 .8 67.25 55.8 5 4 .3 7 0 .2 66.55 66 .3 66.3
15 4 7 .2 47 .75 kh .95 53 .8 64.2 52.75 5 1 .9 66,95 63.45 63.25 63.7
TAME SIXTEEN.
131.
Average Heat Transfer and Pressure Drop for  
the Row Tube.
T est
No. l b / AJr
q
B .Th.U / 
f t . 2 h r .
^sra.
°p °F
A t h
R-.Th.tJ/ h f  1in ch es
32ar" ovc
75 27.46 i 90 80 .7 9 .3 273*5
76 65.56 7 6 .4 69 7 .4 331.9 1.89
77 125 .4 59 .03 52.37 - 6 .66 367.8 2.78
78 215.9 55.49 50.26 5 .2 3 468 .4 8 .0 7
79 294.8 54.11 48.99 5 .12 477.9 14 .9
80 398.6 50.21 45*86 4 .3 5 562.5 25.45
81 511.9 46 .62 42.36 4.26 575 39 .7
82 640 4 8 .5 44.26 4 .2 4 579 54 .9
83 706 4 6 .5 42.52 3.98 613 7-1.95
84 8 55 47 .8 43 .93 3 .87 635 97.1
85 976 4 6 .5 42.81 3.69 664 124
86 1101 2450 48 .8 45 .24 3.56 689 155.8
87 1210 49 .6 0 46 .05 3.55 692 181.5
88 1310 4 7 .3 43.81 3.49 704 207
89 1487 3 6 .3 52.82 3.48 706 236
90 1711 66.8 63.36 3 .4 4 713 328
91 1849 55.28 51.83 3 .45 710 378
92 2196 54.23 50.85 3.38 725 461
93 2302 69.1 65.63 3.47 708 515
94 2429 65.99 62.62 3.37 727 561
95 2600 66.19 62.76 3 .43 714 -
96 2960 \ f
66*3 63.O8 3.22 760
------------
-
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TABLE SEVENTEEN
Power Required fo r  both Haw Tube and Equivalent Circular 
tube at the Same C oeffic ien ts of Heat Transfer<»
in  inches o f water per 35n p la in  tube length x 
P = power in  f t . lb . /h r .
R = (Power fo r  Row Tube)/(Power fo r  the equivalent circu lar tube)
h
B.Th.U/ 
f t 1;2 hr.°F .
Row Tube Equivalent Circular
RM
lb /h r
h f P
5“ ....  ’—
M
lb /h r
P
’ 400 113 2.8 26.4 1500 1.37 171 0.148
450 187 6.6 103 1750 1.76 256 0.4
500 300 14.8 370 2050 2*21 375 0.986
550 450 31 1160 2290 2.75 530 2.18
600 650 58 3140 2590 3.28 720 4.35
__________
x See Chapter VI p. 56*
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TABLE EIGHTEEN 
D ata o f  A rabi (4  ) f o r  H eating  W ater..
Average h ea t t r a n s f e r  and p re s su re  drop f o r  oalmed tu rb u le n c e .
Run
No.
M
lb /h r
Re
h
B .Th.U / 
f t . 2 h r .° P
Nu/Rr0,Zf (Nu/Rr^)/v /j-t n0 .1 4  v s"* w )
k f
inoh  o f  w a te r / 
32" long
1 747 5040 227.5 1 7 .4 19.75 0 .36
2 817 . $660 248 19.1 22 0.41
3 861 : 5800 249 19 21.65 0 .4 5
4 915 6150 249 19 21.65 0 .5
5 929 6400 279 2 1 .4 24.5 0 .53
6 1090 7550 302 23 .2 2 6 .5 0 .7
7 1211 8510 335.5 25.95 29.65 0 .87
8 1321 9220 370 28.6 32.65 0 .97
9 1390 9780 377 29.15 33 .3 1 .06
1.0 1558 10530 433 33.1 37.85 1 .3
11 1625 11000 434 33.1 38 1 .38
12 1710 11550 459 35 4 0 .4 1 .5 3
13 1845 12700 491 37 .7 4 3 .3 1 .7 4
1% 2028 13560 490 3 7 .4 42.1 2 .03
13 2210 14780 511 39 44 .8 2.36
16 2400 16050 561 42 .8 4 9 .2 2 .8
17 2430 16220 590 45 51 .7 2 .8
18 2425 17250 595 4 6 .3 53 2 .69
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TABLE NINETEEN 
Bata of Arabi ( 2 0 )  for Heating; Water 
Local heat tran sfer  for calmed turbulence
X = L f u ^ y / & X  ^ = arithm etic mean of X 
Y = Ru  ^/ £( l / D)  * & Ym = arithm etic mean o f Y
R|- i / d 1 2 4 6 8 10___
9.75
216.3
1 6 .6
2 6 .4
j
J
\
I
21
>
10
A t ° F  
hr B.Th.U 
/ T t 2hr9F
Nui/Prx,
5 .75
567
27 .9
27 .9  
Ym a 27.13
6 .5
324.5
24.8  
28 .2  
& Re-^
7 .75
272
20 .8  
27 .4  
a 5 ,040
8.75
241
51.75 
18 .6  
26 .6
9.3
227
17.35
2 6 .4
\
i
5
0A t F 
f*J3.TK.m
t  °P
t L j f g *
Y
49
430.3
33
33
" 32 .7
5 .5
383.6
2 9 .4
3 3 .4  
% ReL
6.5
324.5
25 
33 
= 6,400
7 .15
295
5.3
2 2 .6
32 .5
7*75
272
2 0 .9
32
8
264
20.3
32 .5
,y
\
J
1
>
V.
?
(
5
6
'
At °P
k 8 jh .i l /
O
Y L
3 .5
603
46*5 
46 .5  
-  43m
4.05
521
4 0 .2  
4  6
&
5
42 .5
32.5  
43
ReL =
5 .7
370 
54.75 
28 .5  
' 42 
4 ,308
6 .25
338
26.1
40 .5
6 .55
322
24.05
4 0 .5
At °p, 
K V f r * !  
O ?
X *•
At °fc
hL KT) ,U/ 
t °FVT
Ho, / ( £ • »
"X
---------
2 .9
727.5
55
55
fcn * 51 .3
3 .25
650
4 9 .5  
54.25 
& ReT
3 .8
565
42 .95  
51.75 
= 14*7
4.1 
515 
51 .5  
39.2  
4 9 .9  
80
4 .2 5
497
37 .8
4 9 .9
4 .3
491
3 7 .4
51
-----2 .8
750
57
57
3 .2 ' 3 .5  
660 620.5
50 4 7 .2  
56 .8  >56.9
55*6 & ReL =
~3?7r~
562.5
5 1 .5
42 .75
5 4 .4
16,050
3 .S
540
41
54
4
527.3
40.1
5 4 .6
TABLE WENTY.
D ata o f  Qolhurn & King jliqx
135<
X = 
Y =
0.4NUp /  3?rp 
Nu* /  I *  ° * 4 '
/  P/D
-10.4 Re. —0 .4
at (ReQ = Rep)
Run
No.
' Pitch 
inch
D
inch ^  °rhp B.Th.U/ 
f t2.hr.°P
t am
Op
'®°e
or
Rep
a y * * . *or
H y f e r p '
X Y X
Y
3 Empty V 2*6 521.5 4790 27.6
33 Tube 4 .4 3 514o5 7060 47 .6
31 Promoter rM
■
4 .26 249.3 8600 5 9 .5 76 .7 42 1.83
4 No. 3
vD 4*42 474 .2 4910 4 9 .2 68 .9 27.5 2 .5
5 Pitch
V vj
5 .36 488 .5 7130 58 .9 7 8 .4 36 .5 2 .2
6 1 in  7 3 .33 438 3100 4 0 .4 60.3 19 .5 3.09
32
L ____ >t
4 .7 7 602 6550 47 .9 70 .3 34 2.06
TABLE TWENTY-ONE
D ata o f  K irov  & W all '(2 $ )
1  = L Nu /P r °*^7 at fee = R Ov/ © ^  G p
T e s tno .
P i tc h
in c h
D
in ch
he°rh p t a m
E
Ree
«*• 'H ft* X Y X/T
1
2
E
M ' '
P
T
\ 5r28'
7*4
991
1010
6 ,$fc>
14,170
26 .8
60 .2
3 Y 10.91 1012 22,900 88 .7
4
5
6
T
U
B
E
3.43
7 .2 3
11 .57
1173
1178
1173
5 ,200
12,300
21,200
25 .0
52.65
8 4 .9
7 3*68 1306 5 ,810 25.83 'i
i
8 6,75 1300 11,210 4 7 .6
! ; 
!
33 5 .5 9 903 6,390 48 64«3 30 2*14
34 10.91 943 15,680 91.9 112.5 67.5 1 .665
35 14 .97 963 23,100 123.9 146 89 1 .6 4
36
fV 5 .8 4
1065 6,150 4 5 .7 61 .4 2808 2*13
37
38
39
40
c
v-f
X
. a
CL
<
4*
V
i
10.61
14.52
6 .66
10.76
1118
1117
1165
1217
13,590
20,450
6,750
12,750
8 0 .6
110
49
76 ,2
100
132
65.1
94.5
56
81
31.1
53
1 .78
1.63
2*09
1.775
46 4 .95 924 6,555 42.1 69 .6 30*5 2.28
47
v-4
9.63 965 15,000 7 9 .9 114 62 1 .8 4
48 14*4 973 23,800 11808 162 91 1 .78
49 4 .85 1096 5 ,950 37 62*9 28 2 .2 4
50
31
X
fc!
£ /
9.11
13.07
1134
1133
■
13,370
21,400
68*6
99.5
100
137
56
84
1 .9  65 
1 063
______ i
TABLE T¥MTY~TWO 
D ata o f Cope (12  ) f o r  H eating  W ater in s id e  a
Square P ipe
t im,
0
F
'
t sm0
F
0 .,
N u /P r .
2
p
?
<
Re
t-
66 .6 7 8 .5 10 .9 12,22 3750
65.95 76.1 19.3 21.65 6310
64 .9 73 ,3 20 .0 22 .6 6445
64- .65 71 .8 29.2 33 .0 10690
6 4 .4 69.6 37.5 4 2 .5 14060
64 69 .6 36.3 4 1 .1 14450
64.5 69.3 48 .5 55 i  1 18380
TABLE TTMTY-THREE 
D ata o f  W ashington & Marks ( 48) f o r  H eating  A ir
S ec tio n
nW1op
^sm
. . . °E ...............
0 ,4
N u/Pr
f lu
'{/* s / 7 ' 4 m 4 e
9 114.5 211 19*9 19.75 4 ,8 5 0
10 115 211 21 20.8 5 ,110
11
U
113.2 211 26*4 26.1 6,2 i40
13 110 211 36 .9 36 .6 9,590
14
13
17
1
CXs
sh
X
104.2
103 .7
105
210.5
210.5
210.5
42.1 
47
55.1
41 .8
4 6 .6
54 .6
11,260
12,880
15,530
18 X 103.5 209,5 5 8 ,4 5 7 .9  ■ 16,750
19
20
vO
§ ■
103.7
103.5
209.5
209.5
62,4-
6 4 .6
61,8  
64
17,870>
18,800
7 127 .2 211 1 7 .8 17 .6 5 ,210
8 128,7 211 19*2 18,95 5 ,590
9 +j
>
129.7 211 20 .9 20 ,7 5 ,900
13 A 129.5 210,5 2 7 .4 27.1 7 ,850
15 1 126,2 210,5 40.1 39 ,8 11,550
10 IX>< 4 122.5 209 52 51 .5 15,600
17
X
to 127 209.5 . 59 .3 58 ,7 17,800
11
16
X 123.2
124.
209
208,5
64,5
72.1
63 .9  
71 .3
20,100
22,800
2
1
16
t
* £ A
137.7
135.5
135
207.5
205.5 
201
22 ,9
29
40 ,5
2 2 .7
28 .7  
40.1
7 ,620
9,360
12,300
15 X 139.7 201,5 4 7 .4 47 13,500
TABLE TWENTY-FOUR 
Data o f Nagaoka & Watanabe ( )  .
• --- --  “ 1
h Power o f  tube f i t t e d  w ith  w ire
Power o f  empty tube
K .c a l /
m#hiA)
B .Th.U /
f t? h r* ° P
Wire No. 17 
P i t c h -  17 mm
W ire No .11 
P itch =  30mm
W ire No .6  
P itch= 48  mm
1750 360 - 0.433
2000 410 ~ 0 * 5 8 9
2200 430 0 .2 - •
2500 514 0.226 0.903 O.463
3000 616 0 .294 1.323 O.76
3300 720 0.366 -
_ _____  ___ __
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